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FOREWORD

This report was prepared by IIT Research Institute, Chicago,
I1linois on Air Force Contract AF 33(615)-1164, "Experimental
and Theoretical Noise Investigation of Model Nozzles.' The work
was administered under the direction of the Air Force Aero Pro-
pulsion Laboratory. This work was performed under Project No.
3066 and Task No. 306601. Mr. E. E. Buchanan was task engineer
of the laboratory.

The work was begun in November 1963, and ended in December
1964. The project leader was D. F. Pernet. Other contributors
were W. C. Sperry who directed the program at its commencement;

C. S. Caccavari who performed the majority of the data acquisition
and reduction for both hot and cold jet nozzle flows; G. Hruska
who assisted in data acquisition; and V. J. Raelson who performed
a literature search. B. N. Glicksberg, M. J. Fisher, and C.

Solbrig designed, constructed, and operated the hot jet and
thrust facilities.




ABSTRACT

Far field sound pressure levels were measured in an ane-
choic room for noise generated by cold air flow through a wide
variety of small nozzle configurations. These nozzles included
converging, converging-diverging, annular plug, annular center
core flow, and ejector types. The results are examined in terms
of mass flow and acoustic power performance. Thrust determina-
tions were made for selected nozzles showing good acoustic per-
formance, permitting an ultimate evaluation of their acoustic
performance in terms of their thrust performance. Optimized
nozzles from each of four nozzle configurations are recommended
for a full-scale evaluation. These are a plug, a center core
flow, a converging-diverging, and a converging-diverging plug
nozzle. The noise generated by hot air flow through a converg-
ing nozzle was determined, enabling only partial corroboration
of the scaling technique developed in a previous study. One of
the recommended nozzle types, the plug nozzle, was investigated
under hot flow conditions and its acoustic performance was found
to remain superior to that of a comnverging nozzie.

Publication of this technical documentary report does not
constitute Air Force approval of the report's findings or con-
clusions. It is published only for the exchange and stimulation
of ideas.
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SYMBOLS AND UNITS

The English system of units will be used and those assigned
to the symbols are directly applicable to theoretical formulation
and graphical coordinates unless specifically stated otherwise.

Svmbol Units Definition
A ftz Exit area of noczzle
Aa ft2 Annulus area of nozzle
Ab ft2 Area of solid bar
AC ft2 Center core area of nozzle
Am ft2 Minimum area of nozzle
C1 --- Normalization factor
C4 ——— Normalization factor
c fps Velocity of sound at nozzle exit
<, fps Velocity of sound for ambient conditions
D ft Diameter of nozzle exit
F 1b Thrust
f cps frequency
K - Constant for eighth power relationms
{assumed equal to 4.5 x 10-2)
k --- Sound survey azimuth station number
L ft Nozzle length
M -—- Mach uumber
M -——- Mach number in terms of fully expanded flow
° pressure ratio, Ea. (45)
m slugs/sec Mass flow
n --- Total number of sound survey stations
P watts Acoustic power

x1i
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SYMBOLS AND UNITS (Continued)

Units
decibels
re 10-13
watts
pafa

2
dynes/cm
1b/£t?
psfa

ftz/%ec
P
X R;

decibels

re 0.0002
dynes/cm

£t 2

degrees

degrees
slugs/ft3

rayles

Definition

Sound power level

Pressure at nozzle exit

Sound pressure at azimuth station k
Ambient pressure

Stagnation or total pressure

Ideal gas constant

Sound pressure level

Incremental surface area at azimuth
stativn k

Temperature at nozzle exit
Ambient temperature

Stagnation or total temperature
Average nozzle exit velocity
Volume of air storage system
Incremental azimuth angle
Specific heat ratio

Azimuth direction angle

Density at nozzle exit

Characteristic impedance of air

xii




SECTION I
INTRODUCTION AND SUMMARY

The research reported in the following sections is an exten-
sion of the work reported in references 1, 2, 3, and 4 with major
emphasis on that of reference 4. During the period of this latter
work, a large number of model cold air jet nozzles were examined
in terms of both their acoustic and their flow performance. These
nozzles included converging, converging-diverging, and annular
types with and without center core flow. Engineering expressions
for flow and acoustic performance were developed for both size
and temperature, which showed good agreement between small cold
jet nozzles, large hot iet nozzles, and jet engines.

Some of the nozzles examined during that study showed con-
siderable potential in regard to their acoustic performance, and
it was the major aim of this program to optimize these nozzles,
as well as to examine further types of nozzles and optimize any
of these exhibiting similar acoustic potential. 1In addition to
fulfilling the above objectives in this program, we have redeveloped
the flow expressions for nozzles and attempted to consolidate the
previously developed normalizing techniques bv carrying out a
selected hot jet nozzle program and searching for large hot jet
and jet engine data. Furthermore, consideration has been given
to other problems, such as the roughness effect in nozzles, and
the screech effect.

The approach to the task of optimizing a nozzle of any par-
ticular nozzle configuration, for example an annular plug nozzle,
may be made in e2ither of two ways. A theoretical approach may
be developed by which the noise produced by a nozzle may be des-
cribed in terms of characteristics of the nozzle and the flow,
such as the ratio of the plug dimension to the basic nozzle, or
the flow velocity. Examination of any such theory should then
lead to an optimum nozzle design. The alternative approach is
an empirical one in which each characteristic of the nozzle or
flow is modified in turn in a logical and ordered manner and the
effects on the acoustic performance of the nozzle observed. The
advantages of the former theoretical approach to the problem of
nozzle optimization are obvious. However, to date, the theoreti-
cal approach to the jet noise problem has produced small return
for the considerable effort involved. 1In the study reported in
reference 4, a theory was feorwarded which attempted to explain
the improved acoustic performance of annular plug nozzles com-
pared to converging nozzles. Further consideration of this theory

Manuscript released by author 31 December 1964 for publication as
an RTD Technical Report.




in the current program has shown that erroneous assumptions were
made in its development and that it is, therefore, no longer
tenable. Consequently, this current study has adopted the em-
pirical approach as one which shows more promise of achieving

the objectives of the program. However, there exist practical
limitations to this approach. The nozzles which were examined

in the study reported in reference 4 were frequently composite
nozzles being constructed from interchangeable basic units, en-
abling large numbers of nozzle configurations to be produced using
only a small number of these basic nozzle units. There is a

limit to the number of composite nozzles which can be assembled

in such a manner. 1f, for example, one were attempting to dis-
cover the effect of the ratio of the diameter of the plug to the
diameter of the basic nozzle on the acoustic performance of an
annular plug nozzle, one might require a large number of plugs,
each having a different radius, for any given basic nozzle.
Similarly, extending this reasoning to include the other parameters
of nozzles which might be anticipated to affect acoustic perform-
ance, one sees that the number of basic nozzle units required and
the time involved in performing the experimental study precludes
the adoption of such an extensive empirical study in this program.
Consequently, the empirical approach adopted in this study, while
being far from the most desirable, since it is based on very
limited studies aided by educated guesswork, is the most practical
approach to the problem available to us.

This approach has enabled a limited study to be made of each
of a number of different types of nozzle. Together with the re-
sults of nozzles investigated in the work reported in reference
4, an acoustic evaluation of nozzles in terms of mass flow per-
formance, and to a limited extent, thrust performance, has been
made. This has led to our recommending a full-scale study of
four types of model jet nozzles which show good acoustic potential,




SECTION II
EXPERIMENTAL FACILITY

Three separate facilities have been utilized in this program.
They are:

a) a jet noise facility utilizing an anechoic room for
'cold' measurements,

b) a jet noise faciiity located outdoors for 'hot'
measurements, and

c) a thrust facility.

The cold jet noise facility is shown in Figs. 1(a) through
(d). The facility is of the blowdown type where compressed air
was dried, filtered, and stored in tanks having a total volume of
80 cubic feet at a maximum pressure of 125 psig. The stored air
was released by a manually controlled, 3-inch, quick-opening ball
valve where it then successively passed through a 3-inch pressure
reducing valve, a 4-inch flexible tube through the wall of the
anechoic room, a calming tank, and a nozzle. The pressure-reduc-
ing valve is capable of precisely controlling the pressure in the
calming tank from 2 to 60 psig. The 16-inch diameter by 39-inch
long calming tank contains six fine mesh woven wire screens de-
signed to minimize the turbulence generated by air flow through
piping and valves. Temperature and pressure sensors, located in
the calming tank between the screens and nozzle, were remotely
monitored at the control station located outside the anechoic
room. Because of the large ratio of calming tank diameter to
nozzle diameter, stagnation conditions were maintained in the
tank with an error less than 0.1%.

Mass fiow through all nozzles was measured by timing the
pressure decrease in the storage tanks. Over-all sound pressure
levels were measured at seven stations located in a horizontal
plane and on a circular arc having a radius of 88-inches measured
from the nozzle exit as shown in Fig. 1(d). The stations have an
angular separation of 15 degrees and are located at the 15 through
105 degree angles where 0 degrees is considered to be the down-
stream jet axis. One microphone was used; consequently, seven
air flow runs were required for one survey, moving the microphone
from station to station between runs. The microphone was a Bruel
and Kjaer, type 4136. This microphone replaces that used in the
study reported in reference 4, and enables acoustic measurements
to be made to significantly higher frequencies. The microphone
used in the study of reference 4 had a 16 kc/s response, while
the BrUel and Kjaer microphone response is flat to 40 kc/s in the
particular manner in which it is mounted. Over-all acoustic
pressure levels were monitored using the linear setting on a




Brifel and Kjaer L/3 octave band analyzer, type 2112. Repeatability
of pressure, temperature, and sound was excellent., The acoustic
environment was essentially free-field as the air jet exhausted
into and the sound pressure measurements were made in an anechcic
room having a usable voiume of about 1600 cubic feet with a lower
cut-off frequency of about 130 c/s.

The outdoor jet noise facility shown 1n Fig. 1l(e), with
which hot jet noise measurements were made, is located on the
roof of & four-story building. The calming tank is situated close
to the edge of the roof, and acoustical absorbent materiali covers
the roof in the vicinity ef the tank., No buildings or other cb-
structions are located in the immediate vicinity of the facility,
so that an assumption cf free-field conditions is a reascnable
one. This is borne out by cold jet measurements made with the
facility.

A Solar-Mars gas turbine combustor, vurning No. 2 grade fuel
oil, is attached to the inlet end of the calming tank to heat the
incoming air to the desivred temperature. The compressed air
facility was of sufficient capacitv, 1000 scfm at 100 psi, to
enable continuous vurning of the system under almost ail the re-
quired operating conditions. No screens were located in the
calming tank, which was constructed from a 6-foot length of 6-inch
diameter pipe, because of the large amount of sos: produced during
the initial ignition period. Pressure and tempeiature sensors
located in the calming tank enabled the gas ccnditions to be
monitored. Mass flow rates were not determined experimentally,
but were calculated from knowledge of the gas pressure and tem-
perature. Over-all sound pressure levels were wmeasured at the
sane seven station positions as those used in the anechoic facil-
ity% using a boom to position the microphone over the edge of the
roof.

Tape recordings of the noise of the jet for a few selected
operating conditions were made using an Ampex AR200. Direct re-
cording at 15 ins/sec was used and the response of the recorder
was + 3 db from 300 c/s through 60 kc/s. One-third octave band
analysis was performed of signals on tape loops replayed through
an Ampex FR1100 using a Brtiel and Kjaer 1/3 octave band analyzer,
type 2112, and narrow band analysis (3 cycles bandwidth) was per-
formed using a Hewlett-Packard wave analyzer, type 302A.

The thrust facility shown in Fig. 1(f) consists of a calming
tank, identical to that used in the cold jet facility, suspended
from flexible cantilever plates and connected to an air supply by
means of a flexible pipe. The air is supplied from a 1000 scfm
at 100 psi compressor, allowing continuous running. The thrust
system is calibrated by means of weights suspended from a cord
which passes over a pulley and which is attached to the calming
tank.




The nczzles investigated in this progrem include converging,
converging~diverging, annular plug, center core flow, ejector,
and rough nozzles. However, all the composite nozzles investi-
gated were assembled from elementary units consisting of basic
nozzles, bars, and terminations., The numbering system of those
nozzles examined in reference 4 has been revised in order to
establish a system capable of logical growth. Although composite
nozzles have a cumbersome number designaticn, they are both
logical and descriptive. Tables I and II list the nozzles, bars,
and termirations used during this program. Composite nozzle num-
bers consist of a series of numbers separ.ited by colons. The
first number, 1, 2, 3, or 4, indicates wh:ther the composite
nozzle is an annular plug, center core f’ow, ejector, or rough
nozzle, respectively. The rest of the rumbers represent the in-
formation given in columns two through five respectively of
Tables III through VI. Hence, composite nozzle designation num-
bers define the nozzle completely.

When reference is made in this report to those nozzles ex-
amined in reference 4, the nozzle number adopted in that report
is given together with the new number, using current nomenclature,
in parentheses.




SECTION III
PERFORMANCE REPRESENTATION AND MEASUREMENT TECHNIQUE

To facilitate compariscn between the results of this program
and those reported in reference 4, so that over-all conclusions
and recommendations can be made based on both studies, we have
continued to determine and represent nozzle performance in the
manner reported in reference 4. However, we have modified, and
added to, the representation of nozzle performance where we have
felt this to be necessary. One modification consists of a re-
conslderation of the area which we adopt to be representative of
any nozzle., 1In all nozzle configurations, the characteristic
area has been chosen to be the minimal flow cross-sectional area
(A ). This replaces the scheme adopted in reference 4, in which
foY center core flow nozzles the characteristic area adoptec was
the minimal flow area (A_ ), but in all other configurations the
exit area of nozzles was used (A). The reasoning upon which this
is based is described in Section 1V,

The representation of acoustic performance of nnzzles rela-
tive to their mass flow rate might be criticized on the grounds
that it is neither a meaningful nor a realistic method of com-
paring the acoustic performance of nozzles. Our contention has
been that the nozzle performance representation is in terms of
parameters which our system enabled us to measure with a high
degree of accuracy and not in terms of theoretical or calculated
parameters. Thus, nozzle performance relates the over-all acous-
tic power generated by a nozzle of a given cross sectiun to the
mass flow rate through that nozzle and not in terms of velocity
or thrust or Lighthill parameter. We have been able to extend
our measuring program to include the measurement of thrust in a
limited number of cases so that our final recommendations are
based on the acoustic performance in terms of both mass flow rate
and thrust.

Therefore, the quantities of interest for this program are
pressure ratio (p_/p.), mass flow (m), thrust (F), acoustic power
level (PWL), sound pgessure level (SPL) at various azimuthal
stations, frequency (f), and stagnation temperature (T_). From
measurement of the above quantities, it is the objecti§e of the
program to:

a) determine the noise-generating capabilities of various
nozzle configurations in addition to those examined in
reference 4;

b) optimize those nozzles which show potential of pro-
ducing a more desirable acoustic performance than a
conventional converging nozzle, bearing in mind the




practicalities and limitations of scaling up these
nozzles to practical operational nozzles;

¢) recommend the full-scale evaluation of those nozzles
whose acoustic performance is found to be good; and

d) corroborate tiuse normalizing parameters developed
in reference 4 which permit scaling for both size
and temperature.

To aid in achieving these objectives, nozzle performance is
represented by the following types of graphs:

1. Mass flow versus pressure ratio

versus

" ‘v
wn

o

m
A
m

2. Power level versus mass flow
PWL - 10 log A versus m/A_

3, Thrust versus pressure ratio
F/Ay versus p_/p

4, Power level versus thrust
PWL - 10 log A versus F/A_

In addition, some limited data is represented on graphs
plotting directionality, power spectral distribution, and nor-
malized performance of hot jet nozzles.

MASS FLOW MEASUREMENTS

Mass flow through all nozzles was determined by measuring
air storage pressures and temperatures and the time rate of
change of each for a condition of constant stagnation pressure
and temperature. For a blowdown system, the mass fiow of the
evacuating fluid can be expressed as




m = -V 941 (1\

dt ’

where V is the volume of the storage system, p is the density of
the stored fluid, t is time, and the negative sign indicates fluid
loss. For an ideal gas,

o = (2)

2
RT

where p and T are the pressure and temperature, respectively, of
the stored fluid, and R is the ideual gas constant. Then

n o= - ¥ 4 ( R ) (3N
R dt T

and

-é.— 2 i = - _ﬂ_lg- = C (4)

dt T \Y

which is a constant for any ccntrolled blowdown run. Then

2= ¢t + ¢ (5)
T
When t =0, then p = Py and T ere p, and T I, are the
pressure and temperature) respectlvelg 1n the gtorage system at
the beginning of the constant mass €low run. Therefore,

Py

T

2

and
p P
- = ct + -2 7
T

N

When t =At, them p = P; and T = T,, where p, and T, are the
pressure and temperature, respectively; in the s}orage %vstem at
the end of the constant mass flow run. Therefore,




1 P P mR
C T e ._.1.. - —-«2 = - — (8)
Ac |\ Ty I, \Y

and
’ V I' P P i

m o= 5.83x107% —| 2 . L 9)

£t T2 Tl /
where
N 2 2,
R = 1716 ft°/(sec” x °R) (10)

for air. Hence, the mass flow for any controlled flow conditicn
is readily obtained from measurecments of pressures and tempera-
tures of the stored air and the length of time of the controlled
run, and knowledge of the volume of the storage system.

NOISE MEASUREMENTS

For an axislly symmetric but directional source, the sound
pressure p is a function of the azimuth angle ©. The procedure
for determining the acoustic power is to measure p at a sufficient
number of stations to ensure small measurement error and use a
numerical integration process. Thus

1 3 (11)
P = Z: P.. S (
_— k "k
k=1

o o

where P is the acoustic power and p, and s, are the sound pres-
sure and incremental surface area, %espect&vely, at station k.
The total number of equallv spaced survey stations around a hemi-
sphere at the equator including those at the poles is given by

n = — + 1 (12)

where ~ is the constant increment angle. For , 5 in rayles
(dyne sec/cm3), p ir dynes per square centimete?, and s in square
feet,




-7 n
0 )
P = 930 x 10 E: P, (13)
C
k =1

-~

‘o o

For sound pressure level referred to 2 x 10_4 dvnes per sguare
centimeter and power level referred to 10-13 watts,

37.2 O SPL, |
PWL = 10 log| Y s, antilog — | (14)
\poco k 10/
The incremental surface areas are given by
s, = s, = 2e2l1 - 2| (15)
1 s, = o cos | 5
\ {
s = A*rz sin = sin @ (16)
k 9 k

where r is the radius from the nozzle exit to each measurement
station and S5 and s, represent the polar areas.

For this program, the following conditions were chosen:

T = 70°F
o
P, ~ 14.7 psi
"o = 40.6 rayles (17)
r = 88§ inches = 7.33 feet
a = 15°

—

and stations 2 through 8 were considered to be the only signifi-
cant contributors to sound. Hence,

8 SPL,
PWL = 10 log S Sy antilog — (18)
L 10
k = 2
where
S 88.2 sin Gk (19)
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SECTION 1V
THEORETICAL PREDICTIONS

MASS FLOW AND THRUST

In continuation of the philosophy expressed in reference 4,
we represent performance data in grarhical form where both ordin-
ate and abscissa consist of measured quantities and are not in
terms of any parameters which are thecretical or which we have
not experimentally determined. However, theoretical performance
curves are superimposed on graphs for comparison purposes. These
theoretical performance curves are based upon isentropic ideal
gas flow assumptions utilizing the following basic equations:

Equation of State

p = Cp' €20)
Ideal Gas Relaticns

p = RpT (21)
¢ = ~RT (22)

Euler Equation of Motion for Steady Flow
N
U . 1 dp . (23)
P

The development from these basic eguations of the flow per-
formance of nozzles is routine. The following relationships are
reproduced in the form in which they appear in reference 4.

}M(N”l W+ 1) (24)
/ /
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F p l‘x -1 .1 vt
- = «,po(—é\ MZ] M2+1, (25)
A \ poj ‘ 2 l
[N .
where
v - 1
i o /20 1/2
M = - ’ps\ 1
= - = =1 - (26)
c '-\*;{ -1 \\p:’} ,

L

The above relations are general in the sense that they depend
upon stagnation temperature and nozzle exit pressure. The equa-
tions fer mass flow and thrust are then degenerated to the case
where stagnation temperature and exit pressure are assumed equiva-
lent to ambient conditions. The designation "fully expanded flow"
is given to this assumption. That is, for

TS = TO = 530°R
E = p, = 2117 psfa (fully expanded)
2 (27)
R = 1716 ft°/(sec x °R)
By = 1.4
mass flow and thrust are given by
2 '3
m P ‘M "+ 5
- = 263(—5 MO(—-Q-———\ (28)
A \ Py, \ s
2 - 7/2
F f P 2 ! MO + 5,
- = 2979 i — Mé | —— (29)
A po/ \ > /
vhere /
;o 1/2
fp. 2/7
M, = 51/2{/-—5 ) (30)
\\\ val /
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Fully expanded flow assumptions may be realistic below
critical pressure i1atios, but should not be expected to hold for
nozzles operated at pressure ratios exceeding this value, except
for converging-diverging nozzles operated at design pressure
ratios. Assume, for a converging nozzle, that the assumption,
fully expanded flow, is valid below Mach unity, which is further
assumed to be the upper limit of velocity. Then we have

2 -3
m P I M~ + 5
~ = 2.63-% M k-—i——-) 0<M <1 (31)
A Py 5
m
S - 1523 8 M > 1 (32)
A P,

The theoretical curve proves to be in excellent agreement
with measured jet data for converging nozzles as reported in
reference 4.

Using the same reasoning as was used for mass flow, the
equations for thrust are

2 - 7/2
F Ps 2 [ M *3)
~ = 2970 -5 M “ | ) 0<M<1 (33)
A Pq \ 5
F
B M2 1 (34)
A Po

This latter equation, reported in reference 4, is incorrect,
since no allowance is made for the pressure thrust effect. A con-
verging nozzle operated at pressure ratios exceeding 1.89 has a
velocity thrust term, as expressed above, but also has an addi-
tional pressure thrust term due to the difference between the exit
and ambient pressure.

The exit pressure of a converging nozzle operated above the
critical pressure ratio is

13




P
= .5283 p,_ (-—-S-\,
Py i
[P
= 1118.4 | —S\' M> 1 (35)
\ Py /
So
P ‘P
P-p, = = [ 1118.4 - 3—0\ . po\i M>1 (36)
Py k P, /

Therefore, the additional thrust term for a converging nozzle
produces a total thrust of

F ps
- = 1570 —= + (p - po)
A P,
/ p_ P
= {1570 + 1118.4 - 2117 —_ f——
"' . pS,’ ‘ pO
! p.ip
= { 2688.4 - 2117 — ' —=2 M>1 (37)
l\ pS ' pCv

"~ It is of value at this stage to discuss how these flow per-
formance equations are interpreted for converging-diverging noz-
zles. The work of reference 4 treated the converging-diverging
nozzle with the exit area regarded as the characteristic area.
However, if we are comparing the flow performance of the converg-
ing and the converging-diverging nozzle, it may be more meaning-
ful to adopt a minimal cross-sectional flow area. Certainly, in
cases where nozzles are operated at pressure ratios exceeding the
critical pressure ratio, the mass flow of a nozzle, operated at
a given pressure ratio, is governed solely by the minimal flow
area, since it is at this section ¢f the nozzle that choking
occurs and the flow velocity becomes Mach unity. The purpose of
the divergent section of a converging-diverging nozzle is to
allow complete pressure recovery, allowing the exit pressure of
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the flow to attain ambient value and so obtain maximum thrust,
when the nozzle is operated at the design pressure ratio. Con-
sequently, equations 31 and 32 might justifiably be rewritten as

-3
m P { MOZ + 5
— = 2,63 & M | 2 o<M(l (38)
A P © \ 5
m (o}
m p
— = 1.523 -8 M >1 (39)
A P
m o

These equations will then be valid for both converging ani
converging-diverging nozzles as is borne out by experiment as
shown, for example, in Figs. 3(a) and (¢). Figures 3(b), (d),
(e), and (f) show that these equations are equally applicable to
annular plug and center core flow nozzles.

It may be noted that the area ratio for a converging-diverg-
ing nozzle operating at a design pressure ratio of ps/p0 is

1 1
~ - 1 ~
/ 2 \/ iv ps\\ Y
A _ K"y"‘}' 1,} \pO-;
A r 1 -~ "1/2
~ \
v+ 1 p.) oo ’
f 1 - :’l—§\ i |
-1 ' i
L o P
A _ 0.5786
o 8 (40)
m / Mo + 5\
Mo 2 |
A 5 !

This explains why a cor rerging-diverging nozzle operated
only at the design pressire ratio was noted, in reference 4, to
have a2 measured mass flow equal to that given by equation 31.
In reference 4, the characteristic converging-diverging nozzie
area was taken to be A, the exit area.
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Consequently, equation 31 may be rewritten for a converging-
diverging nozzle using expression 40

2 -3
m P M S+ 5
- = 2.63 (-—) M -9-——-\
A | pO’ ‘\ 5 ,’
P A
= 2.63 =2 , B (0.5786)
Po A
P A
= 1.523 & B (41)
p A
Q

Equation 41 may be expressed as

P
= 1.523 —=

m
Ay Py

which is the form of equation 39 and is further evidence of the
correctness of the modified mass flow reiationships as applied to
both converging and converging-diverging nozzles. Similarly,
equation 33 for thrust is shown later in this report to held only
at the design pressure ratio for a converging-diverging nozzle.

Thus, if we transform equation 33 to one in terms of the minimal
flow area, using equation 40, it becomes

F _ E A
A A A
m m
/ - 2/7\1/2
Ps PS
= 3843 — 1 - — (42)
Po Po

This represents the true thrust expression for converging-diverg-
ing nozzles at design pressure and is approximately numerically
equal to equation 37 in the range of interest, i.e., up to pres-
sure ratios of 5. The numerical value increases above that for
the converging nozzle as the pressure ratio increases. For
example, at a pressure ratio of 10, the two expressions have
nurnerical values for F/Am of 26,690 and 24,767. Consequently,
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we infer that the converging-diverging nozzle has significant
advantage over the converging nozzle only for large values of

design pressure ratio.

At lower design pressure ratios, the two

types of nozzle have almost identical thrust performance.

In summary, then, we are adopting the following flow equa-
tions as being equally applicable to converging and converging-

diverging nozzles:

2 -3
m M + 5
— = 2.63 -2 M 0 o0<M<Kl (43)
A ° 5 ~
m P,
m P
—_ = 1,523 — MO;:I (44)
A p
m o
where
[ Pg ‘
M, = sY2 2 o1 (45)
A p
. O ‘

and Am represents the min nal fiow cross section of a nozzle.

Also,
, 2 - 7/2
— = 2970 -2 M L 0<¥ <1 (46)
A P ° 5
m (o] P
F , P, ' P
—_ = ’\2688- 2117 =2 = M>1 (47)
Am \ pS ,/ pO

This latter equation is
while the expression for the
sign is

- 2/7\

applicable tc the converging nozzle,
converging-diverging nozzle at de-

1/2
(48)
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However, both these expreszions are numerically equal to
within 2% up to a pressure ratio of 5. These equations for mass
flow and thrus% for both converging and converging-diverging

nozzles are shown in Figs. 2(a) and (b).

~
ACOUSTIC POWER

Acoustic power representation of nozzle performance is in
terms of measured parameters, the acoustic power level, and mass
flow. Theoretical curves will be superimposed for comparison
only. The theoretical relation which was adopted for both the
previous and the current study is

(49)

When isentropic flow relations previously developed are uszd, then

- = 2041 £ M (50)
A \ 2
when
-
K = 4.5 x 107°
TS = T0 =  530°R |
P = p, = 2117 psfa (fully expanded) (51)
R = 1716 ft3/(sec x °R)
Yy = 1.4
p—

This expression is superimposed on all acoustic performance graphs
as a broken curve.
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STROUHAL AND MODIFIED STROUHAL NUMBER

The study reported in reference 4 showed that in order to
successfully normalize the spectral distribution of the noise
generated by a jet the conventional Strouhal number had to be
modified.

The dimensionless Strouhal number is defined as

f . D
U

(52)

where £ is the frequency, D is a characteristic dimension, such
as exit diameter, and U is the average exit velocity.

For fully expanded flow this may be re-expressed using flow
equations as

L (53)
pO

The modified Strouhal number used in reference 4 was

1= 1

/ P Y

s_ = | = (54)
pO

T
> | 3
H‘mH
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SECTION V

MEASURED RESULTS

MASS FLOW

Tre mass flow performance of every nozzle that was examined
acoustically in this program wus determined in the manner reported
in Section III. The flow performance of all nozzles examined was
found to agree with theoretical predictions to better than 2% ex-
cept in a few cases of very long nozzles or nozzles having small
annular flow areas where the flow rate was less than predicted,
but these differences were always less than 10%. In general,
these differences were small, and consequently, flow performances
showa in Figs. 3(a) through (f) are only for a few selected noz-
zles of ecach nozzle configuration. HKowever, it must be stressed
that alchough the flow performances of only a few nozzles are
shown, the mass flow performance of every nozzle was determined
as a function of pressure ratio and was used in the evaluatior of
the acoustic power performance of nozzles. Thus, acoustic per-
formance of nczzles is thereby measur<d in terms of the experi-
mcntally detarmined flow rate and not the calculated flow rate
for any given pressure ratio. Figuvre 3(a) shows the flow per-
formance of four geometrically similar converging nozzles (NO1,
N02, NO3, and NO4). Figure 3(b) shows the flow performance of a
typical extended converging nozzle (N50:NT31). Figure 3(c),
showing the flow performance of 2 converging-diverging nozzle
(N63), supports our contention that the characteristic area of a
converging-diverging nozzle should be the minimal or throat area.
Figures 3(d) and (f§ show the flow performance of plug nozzles
utilizing a converging and a converging-diverging nozzle respec-
tively. Figure 3(e) shows the flow performance of a typical an-
nular nozzle with center core flow (2:04:51:31 + 0).

ACOUSTIC POWER OF CCLD JET FLOW NOZZLES

The accustic power performance of all nozzles cperated using
the cold jet facility is shown in Figs. 4, 5, 6, 7, 8, 9, and 10,
the nozzles being categorized as basic and extended converging
nozzles, annular plug nozzles, annular center core flow nozzles,
ejector nozzles, converging-diverging nozzles, converging-diverg-
ing plug nozzles and "rough'" nozzles.
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Basic and Extended Converging Nozzles

Because of the adoption of a microphone having a higher fre-
quency response than that of the microphone used in the study re-
ported in reference 4 (40 kc/s and 16 kc/s respectively), the
acoustic performance of the geometrically matched set of converg-
ing nozzles was remeasured in order to determine vhether any sig-
nificant amount of acoustic energy generated by these nozzles
escaped detection by the microphone used in the previous study.
Figures 4(a) and (b) show the results for nozzles NO1l and NO2.
Square symbols repr.sent measurements made in the previous pro-
gram, and circle symbols pertain to measurements made for this
program. The results show that the lower frequency response micro-
phone used in the previous study was adequate for acoustic measure-
ments of basic converging nozzles.

Reconsideration of the curvz adopted as the average for the
acoustic perfermance of basic nozzles in the previous program has
led to the adoption of a new average curve which does not give
weight to the results obtained with nozzle NOO because of the
poor flow performance of this small nozzle and asscciated doubt-
ful acoustic performance compared toc that of the larger nozzles,
NO1l, NO2, and NO3 (see Fig. 3(a), reference 4).

Figure 4(c) shows the acoustic performance of a converging
nozzle, NO4, constructed for this program, the largest that can
be operated satisfactorily at a sufficiently high pressure ratio
with our flow system. Figure 4(d) shows the curve of acoustic
performance which has been adopted as representing the average
of the acoustic performance of basic converging nozzles (N0O1,
NOZ, NO3, and NO4) together with the brcken curve for acoustic
power given by equation 50. These two curves will be superimposed
upon all other acoustic power curves for comparison purposes.
Figures 4(e) through (i) show the performance of basic converging
nozzles with long extensions which were designed for use in
center core flow nozzles. The basic nozzles, N50 and N51, are
identical except that N50 is one inch longer than N51. The ter-
mination NT30 is a straight termination but NT3l is con-=rger ,
s» that the choking of nczzles utilizing this latter termina .on
occurs at the exit plane of this termination. The acoustic per-
formance of the shortest of these extended converging nozzles
(N50 and N51:NT30, shown in Figs. 4(e) and (g)) coupares closely
to that standard counverging nozzle curve; but a iLonger nozzle
(N50:NT31) is seen in Fig. 4(h) to show a slight departure from
the cirve at high flow rates.
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Annular Plug Nozzles

The annular plug nozzle, designated 347 (1:03:30:30 + 2) in
the previous program, was reinvestigated in this program, and
Fig. 5(a) shows its performance compared to that measured during
the previous program. This redetermination shows that, over the
entire range of operation, a considerable amount of energy was
escaping detection (approximately 4 db over the majority of the
range). This annular plug nozzle is now re-evaluated to be a
maximum of only 10 db superior in performance to a converging noz-
zle. Study of the performance of annular plug nozzles examined
during the previous program shows that those nozzles exhibiting
superior acoustic performance had a large value of the ratio of
plug diameter to basic nozzle diameter. Subsequently, a smaller
total mass flow rate relative to the over-all physical size of
the nozzle is produced. Consequently, a nozzle whose ratio of
plug diameter to outer basic nozzle diameter is small, commensur-
ate with good acoustic performance, is desirable. Estimates of
the limiting value of this ratio were used in designing nozzle
1:04:40:40 + 0, whose acoustic performance is shown in Fig. 5(b).
Any further decrease in the ratio would lead to reduced acoustic
improvement over converging nozzles. The effect of extending the
plug out of the basic nozzle is shown in Figs. 5(c) and (d).

Only slight differences in acoustic performance between these
nozzles may be noted. Figures 5(b), (e), (f), (g), and (b show
how the contouring of the plug termination affects the accustic
performance of the nozzl.. The contoured terminations had straight,
convex, concave, convex-concave, or exponential profiles. Little
difference in acoustic performance is apparent between these
various plug nozzles, except that in case of the concave and ex-
ponential plug nozzle terminations, deterioration is apparent
(Figs. 5(f) and (h)). The exponential termination could be ex-
pected to produce detericiration in the acoustic performance of a
plug nozzle because of the abrupt ending to this plug termination.
The deterioration in the case 0of the concave termination plug
nozzle is less easy to explain, but it is interesting to note
that acoustic performance deteriocration is concurrent with de-
crease in over-all profile cross section. The results of these
studies indicate that no significant loss in acoustic performance
occurs for change of plug termination profile except for the case
of the concave profile sectior,, where considerable deterioration
in acoustic performance occurred at very high flow rates (m/A> 5).
These studies of the plug nozzle, together with those performed
in the previcus study, are sufficient to enable an evaluation of
the potential of plug nozzles.
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Annular Center Core Flow Nozzles

L4

Of those center core flow nozzles examined in the previous
study, nozzle 274 (2:02:44:20 + 0) was considered to have a good
acoustic performance. Figure 6(a) shows our current re-evalua-
tion of this nozzle using the high frequency microphone. This
shows that at flow rates above the choked flow condition
(m/A> 2.88), the results of the two studies are identical. How-
ever, it may be noticed that below this point, in the subsonic
flow —-egime, the nozzle's acoustic performance is now found to
be poor compared to a converging nozzle. We may attribute this
to aeolian tone generation as was ncted in other center core flow
nozzles examined in the previous study (reference 4, p. 27). It
was anticipated in reference 4 that this particular nozzle would
exhibit this poor acoustic performance in the sutscuic flow range
when measured with a higher frequency micrcphone than that used
in that study. Figures 6(b) and (c¢) show the performance of two
center core flow nozzles, 2:04:51:30 + 0 and 2:04:44:20 + O res-
pectively, with smaller values of the ratio of the inner nozzle
diameter to the basic converging nozzle diameter (ecuivalent to
the parameter which appeared important for evaluating the per-
formance of the annular piug nozzles). The acoustic performance
at flow conditions above choking does deteriorate as this ratio
decreases in a manner similar to that for annular plug nozzles.
Figure 6(d) shows the performance of the best of the center core
flow nozzles with an extension of the inner nozzle further down-
stream of the basic no.zle, forming nozzle 2:02:44:20 + 1.625.

It is seen there is little or no change in acoustic performance
with this extension by comparison with Fig. 6(a), except in the
subsonic flow range where the acoustic performance improves, pre-
sumably due to a decrease in the aeolian tone contribution.

Figure 6(e) shows the performance of a center zore flow nozzle
with an extension of the inner nozzle further downstream out of
the basic nozzle. With the previously examined extended nozzle,
2:02:44:20 + 1.625, the nozzle's acoustic performance was iden-
tical to that of the unextended nczzle in the choked flow ragion,
but with this latter extended nozzle, 2:04:50:30 + 1.0, a slight
improvement is noted (Fig. 6(b)) over the unextended nozzle,
2:04:50:30 + 0. An increased improvement is noticed when a third
center core flow nozzle is operated in this extended manner as
illustrated by comparing the performance of nozzle 2:04:44:20 + 1.0,
shown in Fig. 6(f), with that of the unextended nozzle, 2:04:44:20
+ 0, shown in Fig. o(c).

The performance of center core flow nozzles, when the inner
nczzle component is withdrawn into the interior of the basic
nozzle, is shown in Figs. 6{(g) and (h). In these nozzles,
2:04:51:30 - 1.0 and 2:04:44:20 - 1.0, the ta, >red outer surface
of the terminations caused the cuter annular flow passage to be-
have as a converging-diverging nozzle, exhibiting poor acoustic
performance at low flow rates due to separation effects.
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The terminations of those annular flow nozzles reported so
tar have an exit area equal to that of the inner nozzle to which
they are attached. A termination was constructed having a tapered
profile so that its exit area is less than the area of the inner
nozzle component to which it is attached. Figure 6(i) shows the
performance of a center core flow nozzle, 2:04:51:31 + 0, in
which this latter termination is used. Figures 6(j) and (k) show
the performance with the inner nozzle termination occupying dif-
ferent positions both within and downstream of the outer converg-
ing nozzle.

The results of these studies on center core flow nozzles to-

gether with those reported in reference 4 are used to form the
basis of recommendations for this type of nozzle.

Ejector Nozzles

Figures 7(a) through {d) show the performance of four ejector
nozzles which were examined for acoustic performance. In these
very limited studies there was little or no suggestion of any
potential in these devices aithough they have been shown by others
to produce acoustic improvement. It may be remarked that the ex-
ceptionally high acoustic levels, even at very low subsonic con-
ditions, were due to discrete frequencies emitted by these devices.

Converging-Diverging Nozzles

Figure 8(a) shows the performance of a converging-diverging
nozzle, 122 (N62), examined during the previous study, but the
data has been replotted so that the minimal flow area replaces
the exit area as the characteristic nozzle area. Comparison of
the plotted data illustrates the significance as to which area
is adopted as characteristic of the nozzle. The unfavorable
acoustic performance of the nozzle below choking condition is
probably due to overexpansion and its associated separation effect.
Figures 8(b) and (c) show the performance of two converging-
diverging nozzles, N63 and N64. The previous study showed that
acoustic performance improvement accompanied decrease in angle of
the divergent section of the nozzle, especially at flow rates
just below choking conditions where separation effects in the
nozzle produced higher acoustic levels than in a converging noz-
zle. The nozzle Nbo4, whose performance is shown in Fig. 8(c),
consists of a standard converging-diverging nozzle with a final
straight section added to the divergent section. The nozzle of
Fig. 8(b) is one of equal over-all length, but the divergent
section is continuous and of uniform profile, and consequently
has a smaller divergent angle. It is this nozzle whose acoustic
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performance is most favorable of all the converging-diverging
nozzles tested. Little or no separation effect is apparent in
regions below choking and the performance at or close to design
approaches the dashed curve given by equation 50.

Plugged Converging-Diverging Nozzles

Figure 9(a) shows the performance of nozzle 621 (1:62:10:10 +
0) taken from reference 4, but replotted in terms of the minimal
area. The acoustic performance of this nozzle is shown to be
favorable at design conditions and exhibits little or no separa-
tion effects.

Figure 9(b) shows the performance of a plugged converging-
diverging nozzle with a considerably smaller value of the ratio
of plug to nozzle diameter, 1:63:10:10 + 0.781. The acoustic
performance is seen to be very good over a considerably wide
operating range.

It may be noted that a plugged converging nozzle, having an
equivalent value of the ratio of plug to nozzle diameter, for
example, nozzle 371, whose performance is shown in Fig. 8(h) of
reference 4, has a poor acoustic performance in comparison to
this plugged converging-diverging nozzle.

'Rough' Nozzles

A converging nozzle was modified to study the effects of
roughness on the performance of a nozzle. The roughness was pro-

duced using screws which were threaded into the nozzle from the
outside and could protrude a measurable distance inside. Figure
10(a) shows the effects of roughness obtained by using eight
screws mounted in two rows of four screws equally distributed
around the inner circumference of the nozzle. This shows that
while deterioration in acoustic performance occurs in the sub-
sonic flow region, some improvement is noted in the overchoked
region. Unfortunately, it was not possible to extend this study
of roughness effects beyond a few brief spot measurements. These
brief tests showed that decrease in the protrusion of the screws
resulted in better performance subsonically though still not as
good as a 'smooth' converging nozzle, accompanied by deteriora-
tion in regions above choking, the performance being slightly
better than the 'smooth' converging nozzle. Figures 10(b) and
(c) show the spectral analysis of a ‘'smooth' compared to this
'rough' convergent nozzle as obtained by a narrow band (3 cycle)
analysis at the 30° and 90° stations only, at mass flow rate of
5.5 approximately. It is observed that the roughness introduced
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into the nozzle eliminates the screech component at both stations
and modifies the spectral distribution considerably in the lower
frequency range at the 90° station, and in the higher frequency
range at the 30° station. We did not investigate the effects of
roughness on other types of nozzle. But since the major effect
of roughness in the convergent nozzle is to remove the discrete
frequency screech components, no further improvement when rough-
ness is added to nozzles possessing good acoustic performance
will necessarily occur. For example, spectral analysis of plug
nozzles (reference 4) shows no discrete frequency content so it
may be anticipated that roughness will not improve plug nozzle
performance.

THRUST OF COLD JET FLOW NOZZLES

In order that those nozzles whose performance was judged
favorable, when evaluated in terms of their mass flow rate, could
be further evaluated in terms of their thrust performance, prcb-
ably a more realistic method of nozzle evaluation, thrust measure-
ments on selected nozzles were made. These are shown in Figs.
117a) through (j). The broken curves on these figures represent
average performances and are used in Section VII ip evaluating
nozzle performance.

Figure 11(a) shows the thrust performance of a converging
nozzle NO2. This shows that over the whole operating range its
thrust values are approximately 10% less than given by the theore-
tical curve. Figure 11(b) shows the thrust performance of a con-
verging-diverging nozzle N6l1, plotted in terms of both exit and
throat area. The justification for the throat, or minimal, area
is quite apparent. The thrust values are less than those predicted
for a converging-diverging nozzle operated at design, but as the
pressure ratio increases, the performance approaches that pre-
dicted for a converging nozzle and equals it at a pressure ratio
of 4.0. Figure 11(c) shows the thrust performance of another
converging-diverging nozzle N63. This nozzle, which was found to
be acoustically superior to the previous nozzle N61, has a poorer
thrust performance.

Figures 11(d) and (e) show the thrust performance of plug
nozzles 347 (1:03:30:30 + 2) and 1:04:4G:40 + 0. Both these noz-
zles have thrust values considerably lower than predicted and
also lower than that of the converging n.zzle NO2. Figures 11(f)
through (i) show thrust performances of four annular center core
flow nozzles having good acoustic performances. Nozzles 2:02:44:
20 + 0 and 2:02:44:20 + 1.625 are seen in Figs. 11(f) and (g)
to exhibit very poor thrust performances. Nozzles 2:04:51:31 + O
and 2:04:50:31 + 1.0 show better thrust performance in Figs. 11(h)
and (i), but these are still less than the predicted values.
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Figure 11(j) shows the thrust performance of a converging-diverg-
ing plug nozzle 1:63:10:10 + 0.781 having a good acoustic per-
formance.

The results of these studies show that the best thrust per-
formances are obtained with a converging-diverging nozzle, whose
performance is better than that of a converging nozzle. Annular
plug and center core flow nozzles show considerable thrust reduc-
tion over predicted values. These thrust measurements, together
with acoustic power studies of nozzles, are utilized in Section
ViI to evaluate the acoustic performance of nozzles as a function
of their thrust.

POWER SPECTRAL DENSITY

Figure 12(a) shows the results of a 1/3 octave band analysis
of converging nozzle NO1l, as measured using the high frequency
microphone of this current program. The anslysis was carried out
below, at and above choking conditions. The screech effects are
apparent under the latter operating conditi~-ns. Figure 12(b)
shows the attempt to normalize this data according to the tech-
nique developed in refe -ence 4, and Figs. 12(c) and (d) show
similar attempts at normnalizing equivalent data acquired for
nozzles NO2 and NO4. The screech content was removed before nor-
malization was attempted. These figures show that the technique
is only partially successful. The data for below and just at
the choked condition normalizes well, but overchoked data does
not. Normalizing, using the unmodified Strouhal number as a
paraneter, would not overcome the problem because the velocity
which would have to be adopted for overchoked conditions would
be the local velocity of sound and for successful normalization
this would imply that the peak frequency of the spectrum of over-
choked data should be a constant. Inspection of Fig. 12(a) shows
that the peak frequency, disregarding the screech peaks, of the
highest mass flow data is approximately twice the peak frequency
of the data obtained at the onset of choking conditions. Because
of the success of the nermalizing techniques developed for hot
nozzle flow data in reference 4, we believe that a possible ex-
planation for inability to normalize cold data is that mechanisms
are present in cold overchoked flow nozzles that are not present
in hot jet flows and which introduce additional noise and pre-
vent successful normalization. It is interesting to note in
Figs. 15(a) through (d) in reference 4 that good normalization
occurred only with hot jet data, while erratic results occurred
using cold jet data.
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SECTION VI
MEASURED RESULTS FOR HOT NOZZLES

In the course of the program attempts were made to acquire
data from the results of other investigators suitable for apply-
ing the normalizing technique developed in reference 4. Despite
the wealth of published data, little is sufficiently complete for
our purposes. Consequently, we performed our own hot model jet
nozzle experiments with a view to (a) acquiring data suitable for
attempting to verify normalizing techniques, and (b) comparing
performance of a converging nozzle to that of other nozzle con-
figurations.

In order to substantiate the normalizing technique for tem-
perature which was developed in the study reporced in reference
4, and which was based on data taken from the work of Lee, Tatge,
and Wells (refs. 5 and 6), hot mocel jet nozzle studies were per-
formed using the outdoor facility. As it was not possible to
measure the mass flow through the nozzles in this system, this
was computed from knowledge of the pressure ratio and temperature
ratio. A converging one-irch diameter stainless steel nozzle was
used in this study. This nozzle was identical to a one-inch
nozzie N0z used in the cold study whose mass flow performance
was indistinguishable from its theoretical performance. Con-
sequently, the pressure and temperature ratio was assumed suffi-
cient to enable the mass flow to be calculated to within a reason-
able degree of accuracy. Figure 13(a) shows the acoustic perform-
ance of this nozzle operated with cold flow obtained using this
outdoor facility, and the results are shown to be in good agree-
ment except at very high mass flow rates with those taken in the
ani.choic facility.

Figure 13(2) also shows the performance of the converging
nozzle when operated at elevated temperatures of 600° and 1000°F.
Figure 13(b) shows the attempt at normalizing this data using the
parameters developed in reference 4. The results are only moder-
ately successful. 1In all cases, for successful normalization,
the over-all noise, before normalization was attempted, should
have been less. It was noted that noise, in addition to that
from the jet, was being emitted from the walls of either the com-
bustor or calming tank. However, it was not possible to deter-
mine its magnitude.

Tape recordings were taken at all stations for all those rumns
in which the nozzle was operating above choking conditions.

Figures 13(c) and (d) show 1/3 octave band analysis of the
acoustic output of this converging nozzle at the 30° and 90°
stacions for various stagnation pressure and temperature ratios.
It is interesting to note that at the lower stagnation pressure,
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the screech etfnct is most pronounced at a stagnation temperature
of 600°F and is negiigible at Y0O°F and 1000°F. But, at the higher
pressure ratio, the screech effect is pronounced at all stagna—

tion temperatures.

One annular plug nozzle was operated at elevated temperatures
and Fig. 13(e) shows the performance of this plug nozzle 1:04:40:
40 + O compared to a converging nozzle.

Figure 13(f) shows 1/3 octave band analv51s of the acoustic

performance of this nozzle at the 30° and 90°® stations for tem-
peratures of 90° and 1000°F.
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SECTION VII

NOZZLE PERFORM!

. e e asaw a ssins JEVS 44 AR

The .ypes of nozzle which have been examined in both this
current and the preceeding program are the basic converging, the
annular plug, the center core flow, the converging-diverging, the
convirging-diverging plug, the ejector, and the rough convergent
nozzle.

0f these nozzles, those showing good acoustic performance
relative to that of a convergent nozzle are:

1. the annular plug nozzle,
2. the center core flow nozzle,

3. the converging-diverging nozzle, and

&~

the converging-diverging plug nozzle.

-

ACOUSTIC PERFORMANCE OF NOZZLES

Mass Flow Comparison

The Annular Plug Nozzle

The annular plug nozzle has been operated with the base of
the cone in the interior of the converging nozzle, in the exit
plane of the nozzle, and in the extended position. In the first
case, the plug nozzle acts as a converging-diverging nozzle and
in the few studies we have made of these nozzles, their acoustic
performance has been poor and has included noise resulting from
separation effacts “"ich is peculiar to converging-diverging
nozzles. Acoustic performance improvement in plug nozzles has
been noted when the base of the cone of the plug is either in
the exit plane of the nozzle or extended downstream of this point.
The majority of plug nozzle studies in both the previous and
current programs have been devoted to nozzles whose cone base is
in the exit plane of the nozzle. Figure l4(a) shows the acoustic
improvement for a number of plug nozzles. This improvement has
a tendency to reach a maximum for a mass flow rate of 5, and the
improvement accompanies increase in the ratio of the plug to
nozzle diameter. Nozzle 1:04:40:40 + O appears to represent a
critical nozzle in which good acoustic performance is still being
obtained and yet the plug to nozzle diameter ratio is sufficiently
small (0.707) to produce a reasonably large total flow rate for
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the over-2all size of the nozzle. It should be remarked that this
nozzle is the only one of those shown in Fig. 1l4(a) whose perform-
ance was determinea with the high frequency microphone. If the
performance of those nozzles having good acoustic performance and
possessing a small annular gap between the plug and the nozzle,
e.g., 375, 327, their performance may have been a few decibels
poorer. Nozzle 347, whose annular gap has the same value as that
of nozzle 327, and whose performance, redetermined during this
study as nozzle 2:03:30:30 + 2.0, was 4 db poorer, would lend
evidence to this. Consequently, had the performances of nozzles
327 and 375 been redetermined, they may hav: rated performance
close to that of 1:04:40:40 + 0. Plug nozzles having only moder-
ate performance, e.g., 471, showed further improvement when the
plug was extended, e.g., 491. But those plug nozzles whose
acoustic performance was most superior, e.g., 375 or 1:04:40:40 +
0, showed little or no further improvement with extension of the
plug, e.g., 347 or 1:04:40:40 + 2, Nozzle performance of the
better plug nozzle was little affected by the various profiles
adopted for the plug terminations. Consequentiy, a plug nn~zzle
such as 1:04:40:40 + 0 would appear to represent a plug nozzle
having as large a total ‘.ss flow rate for size of nozzle as is
possible, commensurate with good acoustic performance. This
nozzle, whose performance was alsoc evaluated under high tempera-
ture flow conditions, continued to exhibit good acoustic perform-
ance.

The Center Core Flow Nozzle

Comparison of the results of this and the previous study
show that, as with the plug ->zzles, acoustic improvement occurs
only in nozzles where a portion of the inner plug or inner ctube
extends beyond the exit plane of the nozzle. Figure 14(b) shows
comparison between a small number of nozzles, whose inner nozzles
and their terminations are geometrically similar, with the base
of the termination in the exit plane of the nozzle. Nozzle 274
shows the best acoustic performance. Extension of the termina-
tion beyond the nozzle exit does not produce any significant bene-
fit in acoustic performance, but some slight improvement was
noted in thcse nozzles having pcorer initial acoustic performance.
Poor subsonic performance c¢f many of the center core flow nozzles
was reported in reference 4 as being due to aeolian tones effects.
This does not mean that center core flow nozzles cannot be con-
sidered as possible full-scale nozzles, but it does mean that
consideration would have to be given to eliminating this effect
or ensuring that the frequency of the generated tones did not
cause inconvenience. For example, center core flow nozzles in
which the inner nozzle protrudes a considerable distance down-
stream of the basic nozzle, e.g., nozzle 2:02:44:20 + 1.625, do
not exhibit a very significant acolian tone effect. This may
poss . ly be explained by the difference in flow velocities between
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the flow through the inner nozzle and that flow surrounding the
inner nozzle, whichis caused by the outer {low retardation by the
stagnant atmosphere surrounding the jet. If this hypothesis is
correct, a deliberately produced velocity differential could be
produced in a full-scale nozzle to suppress the aeolian tone
production. Alternatively, the nozzle termination thickness and
the flow rates could be adjusted so that the fr:quency of generx-
ated tones were beyond audible ranges.

The Converging-Diverging Nozzle

These nozzles, unlike the annular plug and the center core

low nozzles, have a limited application in that their acoustic
improvement occurs only when they are operated 2' or close to
design conditions when evaluated in terms of their mass flow per-
fornance. Comparison between nozzles 121 (N61) and N63 and be-
tween 120 (N60) and 122 (N62) shows that nozzles with long diver-
gent sections show slightly better acoustic performances. How-
ever, the peak improvement that has been observed is between 7-8
db when compared on the mass flow basis which is less than that
observed with araular plug cr center core flow nozzles.

The Converging-Diverging Plug Nozzle

Only three converging-aiverging plug nczzles have been ex-
amined in reference 4 or in the current program. Of these, how-
ever, nozzles 621 “1:22:10:10 4 0) and 1:63:10:10 + .781 show
good accustic performance. ‘lozzle 1:63:10:10 + .781 particularly
shows excellent performance over the wbole operationa’ range of
interest. This nozzle has a plug to nozzle diameter ratio, which
if reproduced in a standard plug nozzie utilizing a convergent
nozzle, wculd cause this nozzle's acoustic performance to be poor.
Consequently, a converging-diverging plug nozzle having good
acoustic performance can also be designed to possess a higher
over-all flow compared to the over-all size of nozzle used than
for a converging plug nozzle.

Thrust Comparison

The nozzle evaluati~n which has been attempted so far in
this section has cousisted of a comparison of the cver-all acous-
tic power preduced by nozzles for a given mass fiow rate. How-
ever, the fcllowing evaluations of nozzle performance are made
from thrust measurements determired for an over-all number of




nozzles whose acoustic performance was shown to be good when
evaluated in this manner. Combining both the data of acoustic
performance against mass flow and thus against pressure ratio,
and that of thrust against pressure ratio, the noise output of
nnzzles against their thrust was determined.

Figure 15 shows the acoustic performance of several of the
acoustically good nozzles, representing all nozzle types against
their measured thrust. The solid curve is that obtained ‘¢ con-
verging nozzle N02. It is apparent that there is little _c chcose
between the annular plug nozzle, the center core flow nozzle, and
the plugged converging-diverging nozzle. These nozzles produce
almost identical acoustic performance with thrust over the whole
operating range of interest. The converging-diverging nczzle has
only a moderately good acoustical performance producing its best
performance at or close to its design operating conditions.

Under these conditions its performance is equal to that of either
plug or center-core flow nozzles.

If we consider the performance of nozzles over the flow
regions (a) subsonic, where the pressure ratio is less than 1.89,
and (b) supersonic, or more strictly, the region in which the
flow is choked fer all nozzles where the pressure ratio is great-
er than 1.89, we may cdraw the fcllowing conclusions.

In the subsonic region, the nozzles all have performances
equal to that of the converging nozzle, except the following.
The annular center core flow nozzle 2:02:44:20 + 0 has a pecor
acoustic performance due to the aeolian tone generation, and pro-
duces up to 8 db more sound power output than a converging noczzle
of equal thrust output. The converging-diverging ~ozzle N63 and
the corverging-diverging plug nozzle 1:63:10:10 & 781 show an
improvement over a converging nozzle. The value of the improve-
ment is limited by experimental error but appears to be between
1 and 6 db over the subsonic flow range.

In the trans.tiunal region between subscnic and overchoked
flow regions, all nozzles have performances comparable to the
converging nozzle.

In the overchoked flow region (p_/p.> 1.89), the plugged
converging, plugged converging-diverg ng? and the center core
flow nozzles 211 prnduced approximately equal improvement over
the converging nozz!., exhibiting up to a 10 db reduction in
over-all sound power. The converging-diverging nozzle N63 is
seen to have a performance equal to these nozzles only at or
close to its operating conditions (ps/pu = 3.67).
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RECOMMENDED NOZZLES

In deciding upon tne optimized nozzle in each of the four
nozzle groups showing good acoustic performance, it is necessary
to be aware of the problems involved in operating scaled-up ver-
sions of tlese nozzles. For example, the nczzles' physical size
should be such as to allow a sufficiently l-rge total gas flow
to occur. Plug nozzles may possibly suffer in this respect since
che annular flow passage produces 2 total flow rate which can be
achieved with a converging or a center core flow nozzle of far
smaller dimensions. The over-all size and shape of the nozzle
will also affect the drag produced by a nozzle operated under
service conditions. Again, the plug nozzle may suffer in this
respect because of the increase in nozzle size compared to a con-
verging nozzle required for an equal flow rate. Drag increase
will also be caused if the plug or center nozzle of plug or center
core flow nozzles, respectively, is made to protrude a consider-
able distarnice downstream of the exit plane of the outer nozzle.

Consequently, of those nozzles we have examined, we will
recommend those which produce an improved acoustic performance
over a converging nozzl2 and which meet the requirements of a
nozzle which might be scaled up to a practical service nozzle,
and ignore nozzles whose acoustic performance is only slightly
better (e.g., 1 db improvement) if this is achieved at the ex-
pense of non-practicability. For example, plug nozzle 1:04:40:
40 + 0, whose performance is shown in Figure 5(b) would be reccm-
m%nged in preference to nozzle 1:04:40:40 + 9 as shown in Figure
5(d).

The following list coatains the individual nozzles showing
best acoustic potential in each group:

a) center core flow nozzle 2:02:44:20 + 1.625 or
2:04:50:31 + 1.0 (produces less aeolian tone effects)

b) basic plug nozzle 1:04:40:40 + O
c) converging-diverging plug nozzle 1:63:10:10 + 0.781
d) convergin -diverging nozzle N63

In attempting to recormend those individual nozzles which we
feel show potential and should be operated urder full-scale ser-
vice conditions certain limitations must be borne in mind. The
first ic that it has been impossible to attemwmpt nozzle optimiza-
tion in as an exhaustive manner as is desirable. Consequently,
the specifications for the design of any recommended nozzles are
not necessarily those of the optimum nozzles, but those of what
we consider to be optimum as the result of this limited study.
Secondly, because certain nozzles exhibit a better acoustic
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wzzle when operated cold, this
necessarily do so when operated
hot. Since there is no complete understanding of the various
mechanisms which occur in the production of the over-all noise
of a jet, it is not pcssible to state categorically that acous-

tically good cold jet nczzles will be acoustically good hot jet
nozzles.
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SECTION VIII

CONCLUS10NS AND RECOMMENDATIONS

As a result of this research concerning flow and acoustic
performance of high velocity jet streams, the following conclu-
sions and recommendations are made.

CONCLUSIONS

1)

2)

Four types of cold jet flow nozzles have been found to
show good acoustic performance commensurate with good
thrust performance comparcd to the performance of a
converging nozzle. These nozzles are:

a) an annular center core flow nozzle,

b) an annular plug nozzle,

c) a converging-diverging plug nozzle, and
d) a converging-diverging nozzle.

Of these nozzles, only converging-diverging plug nozzles
and converging-diverging nozzles have superior perform-
ance tc the converging nozzle in the subsonic flow region.
In the immediate transonic flow region, no nozzle is
superior to the converging nozzle. In the overchoked
flow region, the basic plug nozzle, the center core flow
nozzle, and the converging-diverging plug nozzle produce
almost identical performance, giving a maximum of approxi-
mately 10 db reduction in sound power compared to the
sound power output of a converging nozzle operating at

an equal thrust level. The converging-diverging nozzle
produces this maximum of 10 db acoustic power reduction
only when operating at or close to design flow condi-
tions.

Of the four types of nozzles showirg good acoustic per-
formance, the following list contains the individual
nozzles show.ng the best performance in each group:

a) center core flow nozzle 2:02:44:20 + 1.625 or
2:04:50:31 + 1.0, — -

b) basic plug nozzle 1:04:40:40 + O,
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c¢) conveiging-diverging plug nozzle 1:63:10:10 + .781,
and

d) converging-diverging nozzle N63.

4) The basic plug nozzle 1:04:40:40 + O still showed good
acoustic performance compared to a basic converging
nozzle when both were operated at elevated temperatures.

5) Attempts to normalize both the over-all power of hot
model jets or the power spectral distribution of cold
model jets according to the technique developed in
reference 4 were only rartially successful.

6) A limited study of the effect of roughness in a conver-
gent nozzle shows that a small improvement in acoustic
performance occurs at high mass flow rates chiefly through
the suppression of the discrete frequency screech effect,
but that this is accompanied by an increase in the sound
power level of the nozzle in the subsonic flow region.

RECOMMENDATIONS

1) The optimized nozzle of each of the four rozzle types
exhibiting a good acoustic potential should be scaled
up and attached to a small jet engine to establish that
a noise reduction is still obtained compared to a con-
verging nozzle when these nozzles are operated under
realistic service conditions.

2) 1f the results of the study recommended above are suc-
cessful, further e¢ffort should be devoted to establish-
ing whether each of the recommended nozzles are the
truly optimized nozzles of their respective nozzle types.

3) Further consideration should be given to the problem of
scaling the performance of a small cold model jet tc
that of a large hot jet and ultimately to a jet engine
exhaust.

4) The success of the above recommendation ultimately rests
upon more fundamental studies of the mechanism of noise
production of both hot and cold, subsonic and overchoked
jet flows.
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Bar 1 D A 2
No. in. in.
B10 U.si6 0.0794
B20 0.786 0.4850
B30 1.080 0.9159
B40 1.000 0.785

Table II. Details of Nozzle Appurtenances
(a) Solid Bars

a2



SR

a6 e e

Py

"
Hisiﬁvﬁl

——
. +
Bar D L b
Termination
No. in. in. deg.
BTOO No Termination
BT10 0.318 1.817 10.0
BT11 0.318 0.902 20.0
BT12 0.318 0.594 20.0
BT20 0.78¢6 4.82 9,33
BT30 1.080 6.18 9.33
BT40 1.000 6.105 9.33
BT50 1.000 6.105 See Table 1I(c)
BT51 1.000 6.105 See Table II(c)
BT52 1.000 6.105 See Table 1I(c)
BT70 1.000 3.535 See Table II(c)
Table 1I.

Details of Nozzle Appurtenances

(b) Bar Terminations

a3




arc of radius

| X 37,46
1.000" \ = -
Dia. A),//'74'\—

! L_- 6.105-

arc of rod‘ius

)} f 37.46
1,000 - _
Dio. /’?—‘_‘J

arc of ro.gius
18,73

exponential

: / L

1.000" ] 0.500" Dia.
Dia. L/—' 1
I e—— 3.535"—*

(d) BT 70

Table II. Details of Nozzle Appurténances
(c) Details of Bar Terminations




D, ¢ D2
L D
[
Terminating D L & D1 DZ
No. in. in. deg. in. in.
NT00 No Termination
NT20 0.533 1.006 9.33 0.786 0.623
NT21 0.533 1.000 ———- 0.786 0.786
NT30 0.750 1.375 9.33 1.000 0.840
NT31 0.533 2.307 9.33 1.000 0.623
Table II. Details of Nozzle Appurtenances

(d) Nozzle Terminations
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L valve

Figure 1.
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Jet Noise Facility
(a) Air Supply Equipment

Colming tank
and nozzle
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Air supply

Figure 1.

temp. sensor
— press. sensor

6 1n. diameter x 39 n.

calming tank

6 -200 mesh
> woven wire
screens

long
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Jet Noise Facilit;

D
30°

®
15°

(d) Calwing Tank Details and Noise Survey Stations
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Air
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15°

interchongeable

Nozzle
Chamber
Pressure
Air
Supply
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Temperature
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B *——Calming Tank
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Control r

Valve )
Gas Turbine
Combustor

\\ / fuel Pressure
G
—> Fuel Supply

Figure 1. Jet Noise Facility
(e) Hot Jet Facility
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Mass flow per unit area

m/Aq, slugs /(sec- £12)

Figure 2.

Theoretical Performance
(a) Mass Flow vs Pressure Ratio
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Mass flow per unit arec

m/Am, slugs 7(sec- i)

(a) Conver
and NO

T
6-—-
5_
4-
3=
2
Nozzle Dia.  Area
u No. in. in2
O NOI 0.750 0.442
= O NO2 1.000 0.785
A NO3 1.375 1.485
N O NO4 1.414 1570
o 1 1 l 1 l L i 1 I
o) 2 3 4 5
Pressure ratio, R/PR,
Figure 3. Flow Performance of Nozzles

iing Nozzles Nos. NO1, NO2, NO3,
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Mass flow per unit area

m/Ap, slugs /(sec-ft?)
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0 2 3 4 5
Pressure ratio, R/R
Figure 3. Flow Performance of Nozzles
(b) Extended Converging Nozzle, No. N50:NT31




Mass flow per unit area

m/Ang, slugs /{sec- 1)
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—

P
N 63

1 A 1 o,
2 3 49 5
Pressure ratio, R/R
Figure 3. Flow Performance of Nozzles
(c) Converging-Diverging Nozzle, No. N63




Mass flow per unit area

m/Aq,, slugs /(sec. £12)
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BT 40

|
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R

Pressure ratio, p / R

Figu-e 3. Flow Performance of Nozzles
(d) Plug Nozzle No. 1:04:40:40:0
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Mass flow per unit area
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Pressure ratio, R/F,
Figure 3. Flow Performance of Nozzles
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(e) Center Core Flow Nozzle No. 2:04:51:37. + 0




Mass flow per unit area
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Figure 3.
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Flow Performance of Nozzles

(f) Converging-biver ing Plug Nozzle No.

1:63:10:10 + 0.781

63




TON °"ON @1zzoN (®)

S91220N J1seg JO 3dUPWIOII3d OTISNOdYy ‘4 2an31g
{244 99s)/sbnis *Wy/w ‘0asp yiun sad mojy ssow

4 9 S 14 € 4 0

T T I T | T T T I T T T Lo oci
— —0o¢l
- .

suoydosdiw sdoy 91 O

— auoydouoiw sdoy —o¢l
— — 061
. -
| — 091
e \\\ —
- — 0Ll
0 Oon |

| SR | I DR S S I [ T ! 08|

SHOM o, _0I 31 sjaquaap ‘Yy 6ol 0l - TMd

0340 jlun 43d Jamod 21§SNOJ0 ||DIIAQ

64




ZON °"ON @1220N (Qq)
S31220N °TSeg jO 3dUBWIOIIBJ OIISNOdY ' 3an3rg

« W

(244 '99s)/sbn|s Y/W ‘Dalp jlun 19d MO} SSON

9 ] 14 ¢ 4 | o)

— 1 T 1 Tt T T T T T T pf__T 02
Q
u}

—0¢li

i
—o¢bl

duoydoniw sddy 91 O

suoydosoitw sdiy Oy O "
— 06!
— 091

\\l\ B
— 021

o ]
SRS U N SRS W AU WU (SN NOU U NI S os!

ny

SHDOM o _0l 34 sgaqioap ‘Wy boj 01 - TMd
0840 t1un Jad Jamod 214SNOID ||DIAAQ



#ON °‘ON 312z0N ()

S212ZZON OTseg JO 22UPMIOJIdd OFISNOdY °# aan31gy
(244 ‘39s)/sbnis ‘Wy, w ‘patp jun’ 53d Mojj SSOW
L 9 S 14 . € e 0]
T I T T T T 17 T ) T T _
——ned
—

02l
o¢lt'
©
s
r
1
ovl 2
o
[Ta]
p~
3
Q.
ost &
e
(4]
Fry
o
09} o
[}
o
E 3
e
ry
oLl

08l

02340 tun Jad Jamod J14SNOID ||D4dAQ

66




(243 °993s)/ sbnis

9

YON Pue ‘¢ON ‘ZON ‘TON °SON sarzzoN (p)

S

S$9722O0N O1seg JO 2doUpwIOJIag OT1ISNODY

W

14

y/w ‘'D3io jiun 13d MO|} SSDW
¢

e

‘y aan81g

L
I T 1} |

YO N
| ¢ON
2O N
ION

!

R

© 4 0O

(@

3|zzZopN

joquig

1

I

]

02i

oei

ovli

061

09l

OV A

08!

SI4OM o Ol 34 saqiasp Wy Boj 01 - Imd

0840 Jlun 43d Jamod 21}SNOID ||DIAAQ



OSN °"ON 31z20N (23)

S3TZZON OTSed JO aduUemioJIad OTISNODY 4 ain31 g
(214 *29s) /sbnys .E<\E ‘031D {1un sad MO|j SSOW
9 S 14 ¢ l (o)
I I I T I T I T | ] |
—
—
] ] 1 1 L L _ i | | 1

oci

ogl

ovl

0G|

09l

oLl

08I

SIOM o\ _0l a2 s13qaap Yy boj oI - Tmd

034D jlun 13d 13M0d 31}SNOID ||DIBAQ

by



OCIN:QGN °"ON @12zO0N (3)
S312ZON OJ1Seg JO 3Jduewiojiad OFISNOdY 4 2aan31yg

W

th.uwﬂ\mo:_m V/W ‘034D jiun Jad MO}} SSOW

8 L 9 S 174 1 PA |
] I T I J ] I ] T T T ] T T
| Og IN
L _ -
| ——"
o}
] ] L | 1 | ! | L | i | ] 1 ]

02di

oegi

ovli

0§S1

09l

0Ll

08!

SiiomM o\ _0I a4 sjaqiaep Yy boj 0f - IMd

0340 jiun 13d Jamod 21}SN0J0 [|DJIBAQ

o



OCIN:TSN °"ON 31zzoN (3)
$371220N 21Seg JO IOUPMIOIAIJ OTISNOdY 4 aan314

(244 99s)/sbnys ‘Wy/w ‘oasp {iun 1ad Moj} SSOW
L 9 S b < 2 | 0
T ] T T T T T I T T T T
—
] 1 ] 1 | [ I L 1 i 1

ocli

oel

(o} 4

06Gi

091

0Ll

08l

S1OM o, Ol a4 s[2q1a9p 'YWy boj 0] - TMmd

03JD jlun 43d Jamod 31jSNOJD ||DIBAQ

/)




TEIN:OSN "ON 3122Z0N (Yy)

Sa1zzoN d1Seg JO 3dUBWIOFId4 DIISNOOY 4 2andyj

W

(24} ‘03s)/sbnjs Y/w ‘031D jtun 13d MoO|j SSOW

8 L 9 S 14 € 4 ] 0

]

T

1

R

]

oci

ogl

ovl

06l

09l

0Zi

08!

Siiom o, _0l 34 sjaqioap 'Yy 6oj o1 - IMd

0940 flun 43d Jamod 214SN0JD ||DI3AQ

71



T€IN:TGN "ON sT1zzoN (1)
$a1220y OFSeg JO IdUPWIOIId JTISNOdY ‘4 2andTJ

ANC.umﬂ\moEm .E<\E ‘D3alD jlun 13d MO}j SSOW

8 L 9 S b ¢ Z | o

T T 1 T T ] T I ) I T ] T T ocl

o)
— —0¢l!
i¢ 1IN

| —0¢bl
- — 06l

091

OFN

08l

siom o, 0l 34 sjaqoep ‘Yy 6oy 01 - TMd

0240 jlun Jad 1amod D1|SNOJD |[DIBAQ



T + 0L:0L:€0*T "ON @1220N (e)

Sa12z0N 3n]d 3JO 2oUBWIOFIag OFISNOOY ‘¢ 3anTrg
{244 08s)/sbnys *Wy/w ‘vaso jun sad Moy sson
8 A 9 S 14 € Z | o
T T T I T I 1 T [ 1 I T ] T oci
€O N 8
— —0¢l
~ o¢ 18 4
}— — 0¢ti
— — 061
= -
- o — 091
o 0 ©°° -~
g O \D,\D
— a \\ n
o_——
oo e auoydosdiw sddy Op O
— auoydouoiw sdoy 91 o 194!
_ | Ll ] 1l 1 L | [ 1 | i ng|

siiom o, _0l a1 siagoap ‘“y boj 01 - Imd

0340 Jiun 43d Jamod 214SN0ID ||DIIAQ



0 + O%:0%:%0:1 "ON @1220N (q)
sayzzoN 8nig 3o aduemiojaag OFISNody G aand1g

(244 29s) /sbnjs *Wysw ‘paso trun 13d Mmo|y SSonw
ya 9 S 14 € 4 | o)
T T | T 1 I J I T I ¥ I ] oci

—0¢tl

ot 18
—ovi
'4
—osi
o9l
—-— L
\
0

—{ 041

| | | ] | 1 [ | ] | [ | | 081

SiioM o, 0| 21 sjaqrosp ‘Yy 6o 0l - IMd
0840 jiun J4ad Jamod 21}SNOJD ||LIAAQ



Z + 0%:0%:%0:1 "ON 312z0N ()
sa1zzoN 2n1d JO 9oUPWIOIId I13ISNOdY G aanB1g

(244 '29s)/sbnis ‘Wy/w ‘paso Hun 13d mojj SSON
8 L 9 S 14 € 4 ! 0
T ] T I T ] T 1 T 1 T T I oz¢i

— O¢l

— ol

—{ 0G|

— 091

— 0!

_ L | \ | R TN NS S S NS I G 08!

i)

Siiom o, _01 34 sj1aqioep YWy boj 01 - TMd
0340 jiun 13d Jamod 51}SNOJD ||DIBAQ



6 + O%:0%:%0:T °"ON 21220N (P)
sa1zzoN 3ny4d JO aduEmWIOJI3d OTISNOIY

W

Aw.u.uwmv\moaﬁ Y/W ‘031D jlun 13ad MO|} SSOW

9 S 14 € 4

‘¢ 2an81g

| ! ] ' | J | ' | !

L] oci

—{o¢gl

—0ovbli

—1 06!

— 091

—102]

1 08I

SHDOM o, Ol 22 sjaqraep ‘Wy boj 01 - TMd

0340 jiun 43d Jamod 21}SN0OID ||DIdAQ

76




0 + 0S:0%:%0:1 °"ON 21220N (3)
sa1zzoN 3n1d 3JO aduPWIOII3d OTISNOOY

W

*¢ aandty

T

(243 33s)/sbnis ‘“y/w ‘paso jun sad mojy ssopn
L 9 S b ¢ 4
T T T I T ] T ] T T T [ T T

0S 18

o¢ci

ogl

ovl

061

09l

0Ll

081

SHOM o Ol 94 s|aq1oap 'Yy 6oj 01 - TMd

0340 }iun 13d 13M0d 31}SNOID ||DIAAQ

77



0 + 1S:0%:%0:1 °"ON 2122z0N (3)
$a1zzo0N 3n[d JoO 3duemi0FIdd OIISNOOY G 2and14

Amt.oom.\moa_m ' .<\E ‘D910 jiun Jad MmO} SSOW
L 9 S 14 e 4 i 0o

T I ] ] | I T I ] I T I T i 0ci

IS 18

-0l

— 06|

— 09!

78

— 021

o8l

SI4OM o, _0OI @1 s|aqioap ‘Yy boj 01 - TMd

0240 jiun 13d 29M0d 21|SNOJD {|DIBAQ



(243 '03s) /sbnys

W

0 + 2S:0%:%0:1 °"ON @12zcN (3)
Sa1zzoN 3nyd IO 3OUPWIOIIA3J OTISNOOY

V/W ‘024D jiun 13d MO|j SSDW

*G 2an313

L 9 S b ¢ 2

T T T I T i T T T ! ]

| YO N
ov 8 ]
— 5
26 18

- _
p O ——
ﬁ\‘\\\\\
— O po—

] | ] | ] 1 1 | | l 1

0ci

oel

ovl

0Gi

09l

021

081

SIDM o, _0Of 31 sjagiaap ‘YWy boj 01 - TMd

D340 jiun Jad 13mM0d J1§SN0ID ||DIIAQ

79



0 + 0L:0%:%0:1 °'ON @T1z20N (V)
sa1zzoN Snigd JO 8duewiojaad OI3Isnody ¢ 3andrs

(244 ‘03s)/sbn)s .E<\E ‘DaJp fiun 13d MOfj SSOW

9 S 14 € [4 I 0o

T I I ] T I _ I I | I ] T x|

—o¢i

— Ol

—1 06!

, — 091
ot d

oLl 18
o —4 021

[ N SN (N R SNV N RN R NE NN S 08|

80

S1OM ¢\ _0I 2J s13q12ap YWy boj 01 - TMd
0840 jtun 43d J3mod 21}5N030 ||DIBAQ



0 + 02:%%:20:7 "ON @1220N (®)

S9122Z0N MOIJ 210) 133ud) JO dduewloJidd STISNody °g aan3d1g
(244 ‘29s)/sbnis *Wy,w ‘pasp 1un Jad moyj SSoW
8 yA 9 S 14 € 4 |
I I | I I ] T I T T | I ¥ [ I
auoydosdiw sday op O
— auoydosdiw sday 94 O -
- —
¢ON bb N
- — -
\\\\\\ d
o 4
S o D ——
DO
l | 1 | | | ] L I | \ | | I

oci

ol

ovli

061

09l

0.l

08l

SIIOM o, _Ol @4 s13Q1d9p ‘Yy boj 01 - TMd

0940 jiun Jad Jamod 214SNOJD ||DI3AQ

81



0 + 0L°16:%0:Z °"ON @12zoN (q)
S31220N MO[J 210) 193U3) JO IdUewa0FI3d 2TISNOdY ‘9 aand1g
(743 99s)/sbnis *Yy/w ‘oaso jun sad mojy ssonw

8 L 9 S b € [ | 0
T T T I T ] T ] T I T I T T o2l

—0¢l

— 0l

—1 06|

— 09l

— 0Ll

| | ! | | 1 I Lo 1 ! | | 1 | 081

siom o, 0l a1 sjaqaap ‘“y boj 01 - Imd
D240 j1un J4ad samod 214SNOID ||DIBAQ
82



0 + 0Z2:%%:%0:Z "ON ?12z0N (2)
S312ZCN MC[4 &30) I33uU3d) JC IOUBRWIOIIId OIISNOdY 9 aandtg

W

Amc.umm:mo:_m V/wW ‘0310 jiun 43d MO|; SSOW

9 S 14 ¢ 4 | o
| i ] T | T I T I T I T T oz¢i
]
\ . —0¢l
PON o
=
bY N - -9
'
02 1IN I.OQ_olo
[Te I o )
> &
~ 3 @
- =
Qa
- —os! 33
g 5
- a5
-~ O
D =
- C
— 091 o 2.
§ -
“Q
*»
— 021

I I B 1 _ I N B ! | ! 08l




GT9 T + 0Z:y%:70:T °"ON 312zoN (P)
S312ZON M0TJ 3109 133U3d) JO 3duTwWIOIa3dd O2TISNOdY °g aandiryg
(244 '23s) /sbnys .E<\E ‘094D {1un 13d MO|j SSOW

8 L -9 S b € [ ! 0
I I T ] T ] T T T I T ] T T oci

—jo¢cl

— 0l

— 06i

124\
— 09l

— 021

| 1 1 | ] 1 L l ] | 1 l L1 ! 08I

SI1DM o, _Ol 34 s|agaap *“Yy boj 01 - Imd
0340 jtun 43d Jamod 21§SNOJD ||DIBAQ



0'T + 0£:06:%0:C "ON 21220N (?3)
S3T2ZZON MOTJ 210D 123U3) JO IOUBWIOFI3J DIISNOIY "9 3inI1g

A.Nt.omm:mo:_m .E<\E ‘D210 jlun 13d mO|} SSDW

8 L 9 S b € 4 i 0
] I T I ] I T I T ] I T { T oci

—o¢l

—0¢tli

—H 061

—1 091

—102i

! 1 I I ] ! | R — L1 I ! 081

siiom o, _01 @4 sjaqiasp ‘Wy boj 01 - Tmd
0940 jlun sad Jamod 21§SNOJD ||DIBAQD
85



0’1 + 0Z:%%:%0:7 "ON 31220N (J)
S8]220N MOTJd 310) 133U3d) JO 3IdUPWIOIAJ OTISNOdY

W

(213 '03s)/ sbnys V/w ‘DaiD jiun 43d mo}} SSOW

9 S 14 ¢ 4

‘9 2an314g

| J | J | J _ U !

oc¢ci

oel

ovl

oGl

09l

0Ll

08l

S140M o, _01 24 sjaqiasp *Yy 60| 0l - ITMmd

D340 jlun 13d 13m0d 214SNOID }|DIIAQ

86



(3)

0°T - 0€:1G6:%0:C 'ON 91220N
S21220N MOTJ4 2309 193uUa) JO IDJUBWIOIIdJ DIISNOdY °9 3aIn31yg
(44 °93s)/sbnys *Wy/w ‘paip jrun sod MOjj SSDW
9 S 1% € N 0
N L L L _ T
WI —
- L’ —
B — -
B 0¢ 1IN a =
- y/. —
\\
= 7~ B
~
)
el \ -
1‘
] i ] | L . | ] | i

oci

o¢l

ovl

0Gli

09l

oLl

o8l

SHOM o Ol 31 sjagap ‘Yy boj 01 - IMmd

©240 jiun sad Jamod 21§SN0OJD ||DIBAQ

87




0°T - 0Z:%%:%0:Z °"ON ®1z20N (Y)
S31Z2O0N #4014 210) 133u3) JO BJUPWIOJI3J OIISNOOY

ANC.umm.\mma_m .E<\E ‘D3JD f1un 1ad mo|j SSON
8 Ll 9 S 14 € '

‘9 2an313

T I T T T _ T T _ T T T _

ad N L
bo N E
- x bt N ]
- 02 LN =
o)
- | \\ ]
Ol jeo—
" \
~ o]
~
- ~
- ]
_
— i
\\\\\
iﬁl\‘ —e
1 | ] | 1 | 1 L L ! { | 1 | 1

0ci

ogl

ovli

0S|

09l

0.l

08l

SIIDM o Ol 24 sjaqiaap *'YWy boj Q) - Tmd

D340 j1un 13d Jam0d J1{SNOJD ||DIBAQ

88




0 + T€:16:%q="7 "ON @212z2z0N (1)

$912ZON MOTJ 210D 133ud) JO ITmmPWIOIIad OTIISNOJY ‘9 2ain31g

(543 09s)/sbnys *W

V/W ‘D3ipD jiun izmd MO)j SSOW

9

S

14

1=

n—

1

|

T

i

T 1 L]

0ci

ocl

ovi

0GlI

09l

0Ll

08l

SIOM o, _O1 21 sjaquaep Yy boj 0] - TMd

D240 tun sad J3mod 21ISNOID ||DIBAQ

8o



0°T + 1€:06:%0:Z °"ON 212zzoN (f)

S31220N MOTJd 910D 133U3) JO IdupwioJadd dFIsnody -9 2and1g
{244 '23s) /sbnys .84\6 ‘D310 jiun 13d mol; SSOW
L 9 S b € 4 0]
I | T 1 T ] T I T ] T ] 1 T
rl —
— -9
PO N
- I— OS N —
- o e—————— p—
S &
~ o \\
1] \
- e .
\\
-0
L \\\ -—
— -— -—
\\\\\
o " O
p— o =
| | L1 _ | L L | _ 1 | 1 i

0¢2i

ocli

ovl

06|

091

08I

Siiom o, _01 as sjaqosp YWy boj 01 - IMd

D340 j1un 13d JaMOd 214SNOJD ||DIBAQ

99




0°T - 1€:16:%0:7 °"ON 3T122ZO0N ()

S31ZZON MOTJd 210) I23us) JO 3JUPWIOJI3d OFISNOdY °9g 2an3dty
(244 '39s) /sbnys Wy, /w ‘palo {tun 13d moj} SSOW
9 S b 1 e | 0
| 1 I 0 ] T T T T T T
-
J
\\\\
| ] ] | L1 | 1 | ] | \

ocl

oel

ovl

06l

09l

ocll

08I

siiom o, _01 aJ sjaquaap ‘Yy boj oI - IMd

D3J0 jiun 13d 18MO0d J14SNOJD ||DIIAQ

91



GL°0 + %0:0€:1G:€ °"ON @12zoN (®)
s912zzoN 10323fg jo adurwiojiad OTISNOJY

(243 739s)/sbnis *Wysw ‘Daso y1un sad mojy ssDW

9 S v € 4

*¢ 3xn3tg

| | |

|

oci

oegl

ovl

0G|

09l

oLl

o8I

S{40M o, 0| 32 sjagoap Yy boj 0l - IMd

D3IO0 J1un J43d J3MOG J14SNOJD ||DIBAQ



GL 1 + %0:0£:1G:€ "ON 3T12zoN (9)
saTzzoN 103234 Jo 9durwiojiag S13Isnody */ 2an3dig

ANC.oomv\mo:_m *Wy/w ‘paso jtun 1ad moyy .o.mos_,
L 9 S 14 € A | o
T ] T 1 ! ] | I T | I 1 o x4
FL]‘ 1%
IGN
—
Of 1IN 7]
|
'Jll —jovl
— 091
\\\\\ ]
— 0Ll
0]
L1 I | I U IS SN AN M | IS NS GV N SN P

SI40M o, _Oi @4 $13q1d9p 'Yy boj 0| - TMd
004D jlun Jod 19m0d J1|4SNOJD ||DJIBAQ



CGLETE + %00ETSIE CON 912208  (9)
salzzoN ao03dal3 jo odourwiojaag d13Isnody 7/ 2and1yg

Amt.uuﬂ\mo:_m .E<\E ‘Da10 j1un 1ad mojj mmos.‘
8 L 9 S t € 2 | o)
T | T I T I T I T I T [ | |
—  YON
=
fe—— Gl¢ € —

oci

oeci

ovl

oGl

09l

0Ll

08l

sHOM o, _0lI 34 sjaqap Yy boj 01 - IMd

D3JD jiun 239d JaMOd 214SNOID ||DIAAQ



(243 "23s)/sbnis * Wy sw ‘oasp pun sad moyy SSOW
e

9

S

SL'C + Z010E:1S:€ "ON 312zON (p)
sa1zzoN 10323(g jJo asuewmio0jaag OTISNOOY

v

€

*/ 2an3d1g

—
e
=t

¢ON

—

|

I

) 1 7

]

-

oci

oegl

ovli

06l

09l

oLl

oel

siiom o, _0l 3 sjaquaap Yy 6ol oI - IMd

D840 {tun J43ad Jamod 21§SN0J0 ||0IBAQ



(Z9N) ZT1 °"ON @1zzoN (®)

sayzzoN Surdaaarq-3uTdiaauo) Jo adupwiOFI3d ITISNOOY °g aiandr1g
(244 °93s)/sbnys ‘Wy/w ‘oaip plun 13d moj} SSOW
9 S t € e
1 I ] I | T | T ] I I
v ‘paio yx3 O o -
Wy ¢paso ooyl o
:JO SWII}
ur pajjo|d oyog
D ——
a2l
—

oci

oe¢li

ovi

0sSi

091

0Ll

SHOM o, _0i 94 s|aq1dap ‘Yy Boj 01 - Tmd

D240 {iun Jod 13mOd 31}SNOID ||DIBAQ

%0



€9N ‘ON 31zzOoN (q)

sa1zzoN 3uidiaarg-8ur813Auo) Jo sduBwWIOIIag O1ISnOdY ‘g Ian3Ty
ANI.uom:wo:_m ‘Wy/w ‘paip jiun Jad Mo} SSOW
8 L 9 S v € e | 0o
I | I | I ] ) ] T | 1 | I I
o
€9 N
— -
\\
— -~ —_
-~
P
\\ [}
- - v '03i0 iIx3 O N
— (o]

—_— Wy ‘paso joou
— —

140 Swid}

ul pajiold ojoQ

O —
L1 | | v L I IR U U S

o2l

o¢i

ovli

06l

09l

01

08l

SHOM o, _Ol a4 sjaqiaap ‘YWy boj 0} - Imd

D340 j1un 43d Jamod 21§SN0JD ||DIBAQ

Qj



" H9N “ON 3r2zzoN (2)-
satzzoN Suidianrg-Sur8isauo) JO adUBWIOFI3g DTISNOIY g 2an31g

hwz.ocmv\mu:_m .E<\E ‘0340 jiun 13d moj} mmos.‘
Ll 9 S 14 € 2 |

T T T I ] | | T T T T I I T

b -
P9 N
= -1
— —
- \\ —
-~
-~
\\ .

— \\\\\ v ‘vaso yx3 O -

e = Wy ‘paso goosyy O
o ul pajjo|d ojoQ 1

| | | [ N U SUNNY W SN | Y G 1

02l

oel

ovi

0S|

09l

0ll

0):]]

SHOM o, _0i 81 sjaqiaap *Yy boj 0l - Imd

0940 jlur 13d 13mM0d 214SNOJD ||DIAAQ

°8



(0 + 01:01:29:1) 129 °"ON 31220N (®)
sa1zzoN 3nyg Bui8aaarg-3urldisauc) Jo 9dupwI0FI3g OTISNOJIY g 2an31g

(243 *23s)/sbnys .E<\E ‘Daso j1un 13d moj} SSOW
L 9 S 1% € 4 | o)
T | T T | [ ] ] T [ T | T T I ocli
— —0¢i
| v ‘oai0 px3 O
Wy “paup ooy} o o O
B 1J0 SwWid} —ov!
ul pajjold oyoQ
— 06|
— 09l
4 -l
olg
— 0.1
| 1 ! 1 S S W IR DR NN SN SN GUUR P N PV

SHOM o, _0I 31 sjaqiaap ‘Yy 60) 01 - IMd

D3JD jiun Jad 13mod 21iSNOJD ||DIIAQ

99



|

18L°0 + OT1:0T:€9:1 "ON a1220N (q)
satzzoN 3n1d 3ur8iaar@-Sur8iaauo) jo aduemioIiad OTISNOSY ‘6 2an314g

(543 09s)/sbnis Wy sw ‘0aip jiun sad MO|} mmos_.
Z .

8 l 9 S 14 € e l o)
T | T [ I | ] T T I T I T J o¢li
o}
- | —ogi
€9 N
— | 3018
| 0! 18 . —ovl
B 182 — i
- 7 —4 06!
s/ o
7
7
-
- — 091
S v ‘oaip yI1x3 0O =B
.\\\\\\ Wy ‘paip jooayy O
— 0.4I
ﬁl o) :JO SWId}
ur pajjoid oyogQ
o -
SN WS S W [N ESS N EUN DR U SR N SR N S P

SHOM o, _0I aJ sjaqap ‘Wy boj 01 - TMd
D940 |iun 138d 1amM0d 21{SNOJD ||DIIAQ
100



Z0:H °"ON @12zZ0N (®)
ssauy3noy Yyiim ayzzoN 3Iuadi1d2auo) JO 3duBWIOFI3J OIISNOdY ‘O 22IndTy

(244 ‘29s)/sbn)s *Yy, w ‘pasp jun 1ad moyy mmoz.

L 9 S 14 € 4 ! 0

] ] | I | | ] I | | I 1] I

oci

ogl

ovli

oGl

o9l

oLi

08l

S$1oM ¢, _01 @4 s12q199p Yy boj 01 - TIMd

D94D §1un 13d 19M0d J1{SNOID ||DIIAQ

101



uotr1elIs L0¢ (9)

31zzoN 3ur3aaauo) y8noy 103 stsdjeuy (Sa[24) ¢) pueqg moaieN ‘(O 2and1g
} ‘Acuanbasy
S/9% OGS $/93% Ol S/MG S/ | $/2006 $/2 002
T T [TTT T 1T 1T 1 T [TTT T 717 1T 71 (o)
8

- — 0l

v v ]

2
- —0¢
- —10¢

| -
- — 06

" ‘ajzzou ybnos g B

qp g°02l =1dS

UOHDIS 0O \ qpgrgz| = 1dS ‘9]2Z0U yjoows Yy aAIN) 05

$19q199p '|9A3| 2inssaid punos aA|DjIY

102



uoT3EIS 06 ()

a1zzoN 3ui8iaauo) ys3noy 103 stsA1euy (sa124D ¢) pueg moileN ‘0T 2an313
} ‘Kouanbaly
S/9% 0S $/9% 0l S/9) G S/9% | $/9 00§ $/3002
i ] ] _ rmrviuv | 1 1 i _ rTTr 17 1 T 0
v
- g -0l
v
- .
- e el 1%
- —10¢
- —Oo¢b
= —0¢
i qpg-9ll =1d4S ‘9lzzou ybnos g N
UOLIDIS 206 1 qp g.gz1 = 1dS 21ZZ0U Y4OOWS ¥ AAIND
09

$12qio9p ‘|9Ad| inssaid punos 3AILD|AY

103



ZON ‘ON 212z20N 8uidaaauo)d (e)
sa1zzON JO 2ouUPmI03Iag 3Isnayl {1 2andTdg

0, .S
d/d ‘oijos ainssaid
L 9 S 1% € e i 0

_ i T I T 1 ] T T T T 0

000!
— 0002
—000¢
— 000

2O N
— 0006

| 1

0009

\

000L

141

0008

|

— 0006

— 000°0!

— 000"}

) 000'2!

/sl Wyz4 ‘0240 pun Jad ysnayy
104



(19N) 1Z1 °"ON @1zzoN Buidaanrg-8uilisauc) (q)

S3]ZZON JO @ouBW1031dg 3Isnayl -1] 2an31yg
°d \ma ‘01}DJ 3INssSald
A 3 S v ¢ é { 4]
T T 1 T 1 + 1 T+ 1 ¢ T T _ 0
| — 000l

_ — 0002
- —4000¢

- pu—
L —000%
- — 0006
L — 0009

] 1
. — 0004
—40008

M. v ‘oaso ix3 O B
. Wy ‘paso joosyy O —40006
i 40 swiay — 000!

— ul pajjold o4oQ .
- — 0001

a -
[N T  — 000'2i

AL ‘Wys4 ‘pas0 Jiun 29d jsniyl

105



€9N "ON 312zoN JurBiaarg-Sui8iraauoc)y (2)
S9122ZO0N JO 3dUBWIOJIdg ISNIYJ

o, s
d/ d ‘o1jos ainssaig

S

14

€

"I1 2an31yg

i 0

r

LI L L

!

1T

-~

€9 N

9
T

=

T

1

1

|

I N

|

-l

0

000l

0002

000¢

ooo¢v

0006

0009

0002

0008

0006

0000l

000°1}

000'2I

2 H/sq *Wy/4 ‘D240 Jiun Jad jsniyy

106



(0

T+ 0€:0€:€0°T) L%E

0,.s
d/°d *o1jo1 ainssaig

S

v

€

"ON 21220N 3nId
S31220N 3JO 3duewWIOI1dd 3ISNIYL

(P)

"11 2an3ty

T

|

_

O¢ 14

|

.

¢ON

!

-— N

000I

0002

000¢

000¢

0006

0009

0002

0008

0006

000'0l

0001}

000'2!

244/7sa1 *Wysd ‘paso yiun sad ysnayy

107



0+ oq"cqutowa noz Uﬁuuoz wsww TNMV;

S3[220N JO aduPwWI0JIdd 3ISnayl °T11 dandry

o,,s
d/°d ‘o1yos ainssaid
9 S 14 €

' ] ' ! ! 1 1

Oov 148

000¢

000t

000S

00¢C9

0002

0008

0006

000'0l

000't!

000'2l

z;;/sqg““v/j ‘DasD yun 13d Lsnayy

108




0 + 02:%%:70:7 "ON 31z2O0N 4014 210) 133ua)l (3)
S3Tz2ON JO 3dupwlOJadg Isnayl 11 2an31yg

oa \ma ‘01)0J ainssaid
L 9 S b ¢ FA | 0]

e
-
e
o

T T 3 T T T T T T o

— 000!
— 0002
m 000¢

— 000¢

—1000¢

—10009

—1000L

]

0008

0006

. 1

000'0l

1

— 00011

! 000'2I

RIVAL] *Wy/s4 ‘Das0 Jiun Jad Jsniyy
109



SZ9°1 + 0TiYY:Z0:T "ON 21220N MOTJ 230D 133u3) (3)
$37220N JO aduwvwlolaad Isnayyg

0
d/% ‘01401 3unssaid

€

11 3and13y

T

T

L

I

I

|

- N

S A T B |

0001

0002

000¢

000+

0006

0009

00CL

0008

0006

o0oo'ol

000!

000'2i

PLUIAL ‘Wys4 ‘0340 j1un sad ysniyg

110



0 + TE3TSI%0:Z 'ON 3122ZON MOTJ 3103 133u3) (Y)

2, s
d/°d ‘o1jos aunssaid
S

S2[220N JO 9duPmIOFIdg 3ISNIYL

v

€

*11 2an3rg

|

-y rprp g

I

PON

!

i€ LN

T

|

[N N O |

L 4 1

[

|

000l

0002

000¢

000¢d

000S

0009

000L

0008

0006

000'0l

00011

000'2i

z;;/sq|““v73 ‘D3I0 jiun 13d §sniyy

11



0°1 + 1€:06:%0+:Z "ON 31220N MO1q 310D 133u3) (F)
SaizzoN JO IdurwioIaagd Isnayl °I[ 2andt4d

o,,s
d/d ‘oiyos ainssaid

9 S

b

€

LR

r

| | |

l

1€ IN

000l

0002

000¢

000t

000§

0009

0002

0008

0006

0c0'ol

000'l1

00021

244/501 ‘Wyry ‘DO4D {IUN 194 JSnay]

112



18L°0 + 0T:01:€9:1 "ON 312z0N 3nig Butldaaanrq-3urSasauoy ()

S91Z2ZON 3JO aduewlojaad Isnayl ‘{1 2anlrg
% /% ‘o1}0J aunssaid

8 L 9 S 14 € | 0

T [ T I T | J 1 i _ 0
» -
- . —oooi
- —10002¢
- ! -

€9N
—000

— 000¢
- —] Y018 \v B
— 01 18 —00C?b
_ .
- e —h \\ —oo0s
= / —{ 0009
- — 0002
_ / —oo08
| -
- —4 0006
- n
- — 000'01
i -
B ~000'11

R N N 1 | S— 000'2I

-

snayy

.
v

24/541 *Wus4 ‘oaso un sad

113




TON °ON 37220N (®)
sayzzoN 3uidaaauo) jo sysdyeuy Aouanbaag °z1 2an31y

sda ‘} Ksuanbaeu 4

000'G2 000'0l 000§ 0062 000! 005§ 062
0o G o o |1} | 1 1 i o ]
o 5 o)
- o
o 4 lo
° o o © © o
- © 00 o0 | . -
o
o a O
o o
a (0]
N o o
O poo o
- Av,Av -
e
B o
104 o O
- o o -
Qo o
o © o o ION
B o
Qo o o 9vG'¢e —_—
- O 6€8°l ]
% o) 982l
%A
B toquis <
d

09

0L

(@)
®

O
o))

00l

oll

ozl

SII0M o, _O| 34 $]9Q103p 'IMd

114



pazIlrwiaoN ‘ION °"ON 3[z20N (1)
safzzoN 3durdaoauo) jo stsf{ieuy Aduanbaixg -z1 2an81y

Wg ‘saqunu joynoijs pailjipon

000'0l OGOl 00l 0] 174
TTT 1T 1 T T T [T 1 1 T [T 1 71 ¢ T [TTTT T ]o9-
[ —0g-
- | D —

<o
o
o <o
<o
. OO o %D .
o o 8% o DO
: o P S
C 0 o o (w5 —0¢-
O % fa))
OO0 @ &®or®
B 0 08 a -
ION
— —02-
8 0€S  9bS'€  89¢'G o _
0€sS 6¢8°l 26.L°2 0 °
o 0ogs 982’1 89°1 o] —
Ho'dwaj om\ Sy v/ w joqufg

115

SIIDM ¢, _ Ol 2J s|aqdap ‘) 60 01 - IMd - 1S
A11suap joio2ads Jamod



00n'Cl

pazT]ewIoN ‘ZON "ON 91220N (2)

sazzoN 3uidisauo) jo sIsAfeuy Aouanbaag -1 2an3d1yg
Ws ‘saqunu joynosiS paljipon
0001 00l Ot 14
T T T T T 1 T [TTr 171 7 1 T [TTT T 17 1 ¢ T [TTT T 1 ]os-
B —06G-
B &
o
- oo o o —ob-
<
%08% o -
i © o oy 1% o
o 1.9 O O

= O o P o Hoe-

O 5 P o o) o€

O X o 00 o _“no
o 0’0’0 © "o
He
- opgalb
N
- 2o dpz-
| og¢s 82G'¢e eLPy’S O —oi1-
0€S 8¢e8’l 82.°2 o
a 0eS 6.L2°) 2g9’l o
Yo dway oa\ma v/ loquwkg

S1DM o, 0l 21 $12G193p * 2D 60|01 - TMd - 1S

Kyisuap |psidads 1amod

116



pazIrewioN ‘%ON ON @1220N (P)

sa1zzoN Sur8iaAuo) jo sisdieuy Aduanbaiy -g1 aan31yg
Wg ‘Jaqunu joynoiis patjipow
0000l 000l o0l ol 14
TT 11 1 71 T [rrr 1 1 7 T [TTT T T 77 T [TTT T T ]09-
= —os- £
|
.)
- o . W
o
o O o |
— Uo —ov- 5
o o oa
S0 1% 3
a
- 0 DOD 0 @) — .D
o ~ong o o° "
0¥ FoPF & o om0 .
O “g o
B Ooao . ®
vON -
- —oz-"
o
]
= - ol
5
| 0es 960°'¢ 96°v O do1-3
(7]
0esS ev8’l 8L 2 o
i 0ges 982°l 8oLl O -
do'dway 9, 54 v/ w joquks

Kitsuap |DJjd23ds i1amod

11/



£{up uorjezITEWION 221§ (®)

ZON °"ON 312zzON 3ualiaauo) Jo aduswicjaad OFISNOdY €1 aan81g

;:.omm.\moa_m .Ed\E ‘0940 jlun 19d MO|} SSOW

9

S

14

€

2

|

I

T

|

1

o2l

otl

ovl

osl

09l

ocli

08l

$1OM o _0l 3 sjaqaap ‘Yy 60 01 - TMd

D940 J1un 49d 19mod 214SN0JD ||0IIAQ

118



uoTje.ITPWION 2anjeiadwa] pue 3zrs (q)

mFTF_r._I___F-.

ZON "ON 31zzON 3ua8a3Auc) JO 2oUBWA0JI3d OTISNOOY g1 aand1g
v
_O.dH
L 9 S 14 € [/ |
I |} ! [ J I ! ! L Ll J
—
—
—

oci

otl

ovl

oG

o9l

oLl

08l

siiom o, _Ol 32 s(aquaep ‘Yo - Wy boj 01 - TMd

D940 iun 49d Jamod 214SNOJD ||DIIAQ

11¢



Sound pressure level in band,

Sound pressure level in band,

decibels re 0,0002 pbaor
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Figure 12, Acoustic Performance of Convergent Nozzle
No. NO2

(c) One-Third Octave Band Analysis of
Converging Nozzle No. NC”
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Figure 13. Acoustic Performance of Convergent Nozzle No.
NO2

(d) One-Third Octave Band Analysis of
Converging Nozzle No. NO2
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Figure 13. Acoustic Performance of Convergent Nozzle No.

NO2

(f) One-Third Octave Band Analysis of Plug

Nozzle No. 1:04:40:40 + O
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